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ABSTRACT 
MARY ALLISON KELLY: Fundamental Studies of Ternary Blends for 
 Bulk heterojunction Solar Cells 
(Under the direction of Wei You) 
 
Organic photovoltaics have risen to prominence in the last twenty-five years, with 
efficiencies broaching 12 %, but the inherent limitation of a narrow absorption window has 
restricted the performance of these solar cells.  Ternary blends offer an attractive solution to this 
conundrum: combining the extended complementary absorption of a tandem solar cell with the 
ease of single-junction fabrication. Parallel-like bulk heterojunctions (PBHJ) not only exhibit 
improved current, but a tunable voltage, which is a promising development.  However, the 
development of such ternary blends is still largely an empirical process. 
In this dissertation, we investigate the guidelines for material selection for ternary blend solar 
cells. We begin by ascertaining the importance of backbone structure for compatibility in PBHJ 
OPVs. It immediately becomes clear that to obtain a working PBHJ, a common donor moiety is 
required in the polymer backbone. We build on this by comparing the performance and behavior 
of a physically fluorinated vs. chemically fluorinated system. In this case, the characteristics of 
both blends are nearly identical, indicating that compatible, miscible polymers will behave 
similarly to their random copolymer. Additionally, this study highlighted that the addition of a 
high mobility polymer into a PBHJ can improve the hole mobility and fill factor. Finally, we 
used these guidelines to selected high performance polymers for use in PBHJs and tested their 
behavior.  Interestingly, with these polymers, the behavior of the physical blend differed 
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significantly from that of the copolymer, demonstrating the complexity of ternary blends.  What 
is true of one materials system may not hold for another.   
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CHAPTER 1 
INTRODUCTION 
1.1 A Brief History and Background of Organic Photovoltaics 
In 1992 Alan Heeger and coworkers demonstrated ultrafast electron transfer between a 
conjugated polymer and a fullerene.1 Three years later they introduced the concept of a bulk 
heterojunction and organic photovoltaics were catapulted into the race for renewable energy 
technologies.2 Organic photovoltaics (OPVs) serve as an inexpensive, flexible, light-weight 
alternative to the silicon solar cells currently on the market. In addition, the synthetic range 
available in conjugated polymers and semi-conducting small molecules affords key tunability in 
materials design.3 In the past twenty-five years, OPVs have made great progress towards 
industrially relevant performance, growing from ~1% power conversion efficiency (PCE) to over 
12%.4–7 This is a direct result of the concerted efforts of chemists, physicists, and engineers to 
design and synthesize innovative materials, understand the fundamental mechanisms behind 
charge generation, and optimize a carefully engineered device structure.8  
The key figure of merit when characterizing an OPV device is the power conversion efficiency 
(PCE) (Equation 1.1).  
𝑉𝑉𝑜𝑜𝑜𝑜×𝐽𝐽𝑠𝑠𝑜𝑜×𝐹𝐹𝐹𝐹
𝑃𝑃𝑖𝑖𝑖𝑖
= 𝑃𝑃𝑃𝑃𝑃𝑃       (1.1) 
Jsc is the short circuit current (the maximum current), Voc is the open circuit voltage (the 
maximum voltage), fill factor (FF) is the difference between the theoretical maximum power point 
and the actual maximum power point (mpp), (represents how easy it is to collected generated 
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charges), and Pin is the input power (typically 100 mW/cm2 at 1 sun AM 1.5 conditions) (Figure 
1.1). Each of these is highly dependent on the intrinsic properties of the materials used and the 
processing conditions of fabrication. 
 
Figure 1.1 Representative J-V Curve for an OPV device characterization.  The solid-green 
rectangle represents the position of the theoretical maximum power point. The dotted rectangle 
represents the area of the actual maximum power point.  Fill factor is the dotted rectangle 
divided by the solid rectangle. 
 
1.1.1 Device Architecture 
The active layer of an OPV device is typically composed of two materials: an electron donor 
and electron acceptor.  Due to the low dielectric constant and high disorder of organic 
semiconductors, the excitons generated in these materials are Frenkel excitons, with a binding 
energy higher than that of thermal energy at room temperature (~26 meV). To separate the bound 
electron-hole pair, a second component is introduced, forming an energy offset that drives charge 
separation (Figure 1.2a). Thus charge generation in an OPV can be broken into three main steps: 
1) light absorbance, 2) exciton splitting, and 3) charge extraction. 
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Figure 1.2 a) Representative energy levels for the donor and acceptor in an OPV with the 
charge transfer (CT) state highlighted. b) A schematic of the conventional device configuration 
used in this dissertation. 
 
Organic semiconductors benefit from high absorbance coefficients, which means the active 
layer can be relatively thin (~100-200 nm).  However, the exciton diffusion length for these 
materials is on the order of 10 nm, limiting the thickness of a bilayer device and thereby 
restricting absorbance.  In order to circumnavigate these limitations, the bulk heterojuntion was 
introduced.2 In this case the electron donor (typically a conjugated polymer) and the electron 
acceptor (typically a fullerene derivative like [6,6]-phenyl-C61-butyric acid methyl ester, 
PC61BM) are codissolved into solution and spuncast into thin films, resulting in a phase-
separated, interpenetrated network of polymer and fullerene domains (Figure 1.2b). The active 
layer is now no longer limited in thickness by the diffusion of excitons, assuming that the 
domains are an appropriate size (~20-40 nm).  The donor phase serves as transport for holes, 
while the acceptor phase transports electrons. This bulk heterojunction is incorporated into a 
typical device structure, presented in Figure 1.2b. Indium tin oxide (ITO) is often used as the 
transparent bottom electrode, and a hole transport layer (HTL) is added between the ITO and the 
active layer to improve electrode selectivity and contact. Calcium serves as an electron transport 
layer, and the reflective top contact is air stable aluminum.  
a) b) 
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1.1.2 Materials Selection 
During initial research efforts, poly(3-hexylthiophene) (P3HT) quickly emerged as a front 
runner in donor materials.  This semi-crystalline homopolymer with a bandgap of 2.0 eV served 
as the main focus of the field for several years, reaching an efficiency of ~5 %.9 However, the 
wide bandgap and high energy levels limited the efficiency of P3HT. The Voc is determined by 
the energy of the charge transfer state (ECT), minuses losses due to radiative and nonradiative 
recombination.  The ECT is related to the difference between the lowest unoccupied molecular 
orbital (LUMO) of the acceptor and the highest occupied molecular orbital (HOMO) of the 
donor. Thus the ideal polymer will have a low bandgap (to maximize absorbance and Jsc) and a 
low HOMO level (to maximize Voc), while still providing sufficient energy offset to drive 
formation of the CT state. For example, when paired with PC61BM the ideal polymer would have 
a bandgap of 1.5 eV and a HOMO level of 5.4 eV.10,11 To accomplish this, a “weak donor-strong 
acceptor” motif was suggested, where an electron rich “donor” moiety and an electron poor 
“acceptor” moiety were combined within the conjugated polymer to form a D-A copolymer.11 
These D-A copolymers have since dominated the field in high performing polymers based 
devices.5,12,13  
PC61BM and other fullerene derivatives are nearly ubiquitous as electron acceptors due to 
their compatible morphology and energy levels, superior electron delocalization, and relatively 
high electron mobility. For many years, polymer design and synthesis focused on creating 
polymers compatible with PC61BM,3 but recent developments in high performing non-fullerene 
acceptors (NFAs) have opened up new avenues for OPV improvement.5  This dissertation 
focuses on OPV devices which utilize fullerene derivatives, but NFAs will be addressed in the 
conclusion. 
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1.1.3 Morphology 
The morphology of a BHJ is a finely tuned, kinetically trapped, metastable state.  While 
morphology has always been an important parameter in bulk heterojunction solar cells, our 
understanding of it has become increasingly complex in the past years. The mixed phase, and 
interplay between domain purity, crystallinity, and domain size are play a crucial role in 
facilitating efficient charge generation and extraction.14,15  For example, relatively small, pure 
domains have been shown to have a positive correlation to improved FF.16 But the presence of a 
third, mixed fullerene-polymer phase has risen to prominence in recent years.14 Materials with a 
high degree of order and good π-π stacking typically exhibit high carrier mobility, which is 
beneficial for charge extraction. But these materials can also crystalize so extensively that they 
do not form small enough domains for exciton diffusion. Therefore, a delicate balance is required 
when optimizing the morphology of a BHJ. Morphology can be controlled either by employing 
specific synthetic designs (for example, using short, branched side chains to encourage 
appropriate packing),17 or by changing fabrication conditions (changing solvents, utilizing vapor 
or thermal annealing, or employing high boiling point additives).  
1.2 An Introduction to Ternary Blends 
One of the inherent limitations of organic materials is their narrow absorption window.  This 
leads to energy loss via two mechanisms: photons below the bandgap are not absorbed by the 
material at all, while photons above the bandgap that are absorbed lose energy by thermalizing to 
the band-edge prior to dissociating.18,19 Tandem solar cells are one way to overcome this 
limitation. By fabricating sub-cells from two different materials with complementary absorbance, 
stacking them on top of each other, and linking them in parallel or in series, a wider range of the 
solar spectra can be absorbed with limited thermalization loss (Figure 1.3). However tandem 
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cells require careful engineering of several transparent interlayers, leading to a difficult 
fabrication. Ternary blend solar cells side-step this limitation by combining the second, 
complementary absorber into the active layer with the original donor and acceptor.20–22 This third 
component can be a small molecule sensitizer, polymer donor, or additional acceptor.20–22 
Ternary blend solar cells can be fabricated in a single junction, bypassing the complexity of their 
tandem counterparts.  
 
Figure 1.3 Example of two complementary organic chromophores covering the solar spectrum.1 
 
1.2.1 Mechanisms of Charge Generation in Ternary Blend Solar Cells 
With the addition of a third absorbing component, the mechanism of charge generation 
becomes more complicated.  There are three main mechanisms in ternary blends: charge transfer, 
energy transfer, and the parallel-like or alloy model (Figure 1.4).21,23 
 
                                                          
1 Reprinted from Progress in Polymer Science, 38, Jingbi Youa, Letian Doua, Ziruo Hongc, Gang Lia, Yang Yang 
“Recent trends in polymer tandem solar cells research” 1909–1928, Copyright (2017) with permission from 
Elsevier. 
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Figure 1.4. Schematic of the three mechanisms of charge generation in a ternary blend solar 
cell.2 
 
Charge Transfer Mechanism 
 
 In the charge transfer mechanism the third component is a donor material which absorbs 
light and generates excitons (the sensitizer). These excitons are then split at the interface with the 
acceptor (or first donor) and the electron is transported through the acceptor domain.  However, 
the free hole is then transferred to the first donor, which constitutes the main hole-transport 
material. Because of this, the Voc of a ternary blend undergoing mainly charge transfer will be 
pinned by the highest HOMO level (lowest Voc) of the two donors. In order for this mechanism 
to be successful, the energy levels of all three components must be carefully engineered in a 
cascade to facilitate charge transfer.23,24 This mechanism can differ greatly depending where the 
sensitizer is located within the blend: at the interface between donor and acceptor, embedded 
within the donor phase, or embedded within the acceptor phase.23 
                                                          
2 Reprinted with permission from Yang, L.; Yan, L.; You, W. Organic Solar Cells beyond One Pair of Donor–
Acceptor: Ternary Blends and More. J. Phys. Chem. Lett. 2013, 4 (11), 1802–1810. Copyright 2017 American 
Chemical Society 
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For example, Koppe et al. used poly(cyclopentathiophene-benzothiadiazole) (PCPDTBT) as 
an IR sensitizer to extend the absorbance range of a P3HT:PC61BM blend.25  Using 
photolumiscence quenching and photoinduced absorption, they demonstrated that excitons 
generated on PCPDTBT split at the PCPDTBT:PC61BM interface, but that free holes were then 
transferred to the P3HT for transport to the electrodes.  These additional charge carriers led to an 
increase in current and efficiency.  However, at ratios higher than 20 wt % PCPDTBT, the 
second polymer disrupted the formation of favorable crystalline domains in the P3HT, leading to 
a drop in fill factor that could not be compensated for by the increase in photocurrent.   
In 2014, Lu et al. demonstrated improved efficiency in a ternary blend which incorporated 
10-30 wt% poly-3-oxothieno[3,4-d]isothiazole-1,1-dioxide/benzodithiophene (PID2) into a host 
blend of polythieno[3,4-b]-thiophene/benzodithiophene (PTB7) and PC71BM.24 At 10 wt% PID2, 
performance improved from a Voc of 0.72 V, Jsc of 15.0 mA/cm2, FF of 67.1 %, and PCE of 7.25, 
to a Voc of 0.72 V, Jsc of 16.8 mA/cm2, FF of 68.7 % and PCE of 8.22%.  While some of this 
improvement stemmed from an increase in absorbance with the addition of PID2, they also argue 
that the cascading energy levels of PID2 facilitated charge transport in the blend.  This was 
exhibited in the improved current generation from PC71BM as measured by EQE, and by the 
improved recombination and hole mobility. Measuring the morphology via TEM, 2D GIWAXS 
and RSoXS showed that the addition of PID2 leads to the formation of favorable fibrils and 
smaller fullerene domains.  While the pinned Voc, and photolumiscence (PL) behavior make it 
clear that this blend operated mainly as a charge transfer mechanism, rather than an energy 
transfer or parallel-like blend. 
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Energy Transfer Mechanism 
 
In some blends, the added sensitizer generates excitons but does not split them to form free 
charges for charge transport.  Rather, the absorbed energy is transferred to the host donor via 
Forster or Dexter energy transfer, for which the emission of the sensitizer must overlap the 
absorbance of the donor.21,26 The additional excitons which are then generated on the donor are 
split and transported as normal. This mechanism is evidenced when measuring PL of the blend of 
sensitizer and donor: the donor should quench the PL of the sensitizer while the sensitizer 
increases the PL of the donor. This was observed in a recent study (also by Lu et al.), where 
PID2 was added to a blend of PTB7-TH and PC71BM.27 However, as evidenced by the 
composition dependent Voc, ET was not the only mechanism at play. ET is especially promising 
since when paired with singlet-fission it has the potential to pass the theoretical efficiency 
limit.21  
Parallel-like Transfer Mechanism 
Interestingly, both CT and ET dominated ternary blends are limited by a pinned Voc.  In 
2011, Yang et al. reported a ternary blend that exhibited composition dependent Voc: the Voc 
increased as a function of the polymer ratio.28 Because of this, and the additive behavior of the 
Jsc of the binary “subcells,” the authors labelled this a “parallel-like” bulk heterojunction (PBHJ). 
In a PBHJ each donor functions independently: generating excitons, splitting them at the 
acceptor interface, and transporting charges. Earlier that same year, Khlyabich et al. reported 
similar behavior between a ternary blend showcasing two fullerene acceptors.29,30  They 
postulated this was due to the fullerene derivatives forming an “electronic organic alloy,”  
evidenced by the composition dependent CT state, measured by photospectral response (PSR). 
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Barry Thompson’s group went on to show similar behavior in several polymer:polymer 
pairings.31–33  
1.2.2 Tunable Voc in PBHJs 
There has been some debate regarding the origins of the tunable Voc in PBHJs. Barry 
Thompson’s group has consistently presented blends with a tunable Voc under the alloy 
model.29,31,33 Lu et al. also reported a blend with a tunable Voc, and due to the apparent 
cocrystalization of the polymers argued that the alloy model was more likely.27  However, Liu et 
al. reported a ternary blend between one donor and two acceptors with tunable Voc where the two 
acceptors clearly formed different domains, supporting the parallel-like model.34  
From a theoretical perspective, Kouijzer et al. modeled the CT state of a PBHJ ternary blend 
as either the average of two separate CT states (PBHJ) or an alloyed CT state (alloy model) and 
compared it to experimental data.35  The model of the two-state system agreed best with the 
experimental data, but could not completely reproduce the Voc trends, indicating that the PBHJ 
model was still lacking.  Felekidis et al. points out that the presence of a metal contact enforces 
quasi-Fermi level pinning, meaning that the sub-cells cannot be treated independently, but the 
alloy model would require extreme delocalization of the CT state in blends with a reported 1:9 or 
9:1 ratio.36  They suggest rather, a quantitative framework from modeling the density of states 
(DOS). In this model, strongly overlapping DOS will lead to an almost linear Voc trend, whereas 
HOMO levels which are farther apart will exhibit a sublinear dependence of Voc with 
concentration. Additionally, they show that for state-of-the-art absorbers with a wide, strong, 
absorbance, ternary blends offer little theoretical improvement unless the charge transport is 
improved in some way (i.e., Jsc or FF are improved beyond the effects of absorbance).  
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Savoie et al. suggested a model which not only took into account the distribution of states 
leading to Voc, but the possibility that differential light absorption would affect the occupation of 
those states.23  Their model agreed well with experimental results.  They also suggested that 
miscible pairs of donors (or acceptors) would adversely affect the Voc, since it would encourage 
molecular contact and facilitate carrier equilibration between the pairs.23 However, it has been 
demonstrated that polymers with similar surface energy (and therefore miscibility) are more 
likely to show this tunable Voc.33,37,38 Given the nuances of the discussion, it is clear that such 
blends are incredibly complex and it may require several models to fully capture their 
characteristics.  Additionally, two systems with similar trends in device performance may have 
very different underlying mechanisms.  
1.3 Motivation for This Dissertation  
Given the complexity of ternary blends: the multiple pathways for charge generation, the 
variety of “ideal” morphologies, and the active debate regarding appropriate models, studies 
investigating the fundamental nuances of working and nonworking ternary blends are paramount. 
Ternary blends have the potential to overcome one of the chief limitations OPVs: the narrow 
absorption window.  But adding a third component to any already delicately balanced two-
component system introduces several degrees of complexity. The material options for the third 
component are almost limitless, and at present, discovering a good ternary blend is still too 
dependent on “guessing and checking.”  Understanding what makes two donors compatible: 
where each is contributing positively to the solar cell, is the undertaking of this thesis.  
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CHAPTER 2 
COMPATIBLE BACKBONE STRUCTURE MOTIFS FOR DONOR POLYMERS IN 
PARALLEL-LIKE BULK HETEROJUNCTION SOLAR CELLS 
 
2.1. Introduction 
Ternary blends are used to extend the absorbance, often by adding a complementary 
sensitizer in small volumes.  In many cases, the hole transport occurs predominantly through 
only one of the materials, pinning the Voc to the highest HOMO level. A parallel-like bulk 
heterojunction (PBHJ), in contrast, is marked by two distinct characteristics: the Voc evolves as a 
function of blend composition and the blending ratios are relatively high ( >20%).20,21 In 2011, 
proof-of-concept for the PBHJ was demonstrated by two concurrent studies.  Yang et al. 
introduced two ternary blends based on four donor-acceptor type copolymers (PBnDT-
DTBT:PBnDT-HTAZ and PBnDT-DTPyT:PBnDT-DTffBT), both of which showed improved 
performance over the control binary blends.28 They made ternary blends at ratios of 3:7, 1:1, and 
7:3 by weight and, with both pairings, the Voc shifted as a function of composition: from the 
lowest binary Voc to the highest.  This was contrary to expectation, since in previous ternary 
blends the Voc had been effectively pinned by the highest HOMO level of the two donor 
materials, limiting the Voc to the lowest of the two values.25  The Jsc of the 100 nm thick PBHJ 
was equivalent to adding the Jsc of the two 50 nm reference “subcells” of the binary blends, and 
thus the term “parallel-like” was used to emphasize the similarity to a parallel-connected tandem 
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cell.  Independently yet concurrently, Ojala et al . a similar affect by co-evaporating C60 and two 
merocyanine dyes.39 
Around the same time, a series of studies from the Thompson group explored what they 
called an “organic alloy” ternary blend.  Two systems, a ternary blend with two fullerene 
acceptors and a ternary blend with two P3HT based donor polymers, both exhibited a tunable 
Voc.29,30,40  Street et al. measured the CT energy of this blend using PSR and found that it shifted 
in a manner similar to the Voc.40,29  Both the alloy model and the PBHJ model show the same 
device characteristics. Previously, the improved absorption of a ternary blend came at the cost of 
a pinned Voc , but with this discovery, it is possible to improve Jsc without completely limiting 
the Voc.  
The distinct Voc behavior and relatively high blending ratios set PBHJs apart from other 
ternary blends, but little was known regarding how they worked, or which pairs of donors might 
be compatible, yielding improved performance.  Based on these examples, as well as other 
literature examples of non-PBHJ ternary blends,24,33 two design principles were hypothesized: 1) 
that a pair of donors must have similar enough HOMO levels that one would not function as a 
trap state within the blend, 2) the pair of donor polymers must have a similar backbone 
configuration to ensure compatibility.  These design principles were already built into the 
previously cited systems, since in Yang et al. all of the polymers featured BnDT as the donor 
moiety within the backbone, and in the studies from the Thompson group, the copolymers all had 
a 3-hexylthiophene as a significant component of the backbone.  Given that ideal phase 
separation and morphology are incredibly important for binary BHJs.  In a ternary system, this 
becomes even more important, and the compatibility of the donor components (their ability to 
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either form complementary but independent domains or their ability to closely interact to create 
an electronic alloy) is a key design component.  
With this in mind, we chose four polymers which would test the second hypothesis. We 
began by synthesizing one of the working pairs from Yang’s paper: PBnDT-HTAZ:PBnDT-
DTBT (synthesized as previously reported28). We then synthesized two additional polymers, 
replacing the BnDT unit with NDT (Figure 2.1).41 In this way, we created a series of polymers 
which could be mixed and matched in a PBHJ to test the importance of a matching backbone 
moieties. There are two pairs with matching donor moieties (PBnDT-HTAZ:PBnDT-DTBT and 
PNDT-HTAZ, PNDT-DTBT), two pairs with matching acceptor moieties (PBnDT-
HTAZ:PNDT-HTAZ and PBnDT-DTBT:PNDT-DTBT), and two pairings with no matching 
moieties (PBnDT-HTAZ:PNDT-DTBT and PBnDT-DTBT:PNDT-HTAZ).   
It should be noted that while one of the main motivations behind ternary blends is combining 
materials with complementary absorption to improve the performance, the pairings with 
matching acceptor moieties have almost completely overlapping absorbance spectra (i.e., both 
polymers with DTBT have the same absorbance range).  These pairings are unlikely to see 
improved performance in that regard, but are included as a control to verify the influence of 
polymer compatibility on tunable Voc.  Additionally, all of these polymers have fairly similar 
HOMO levels as measured by cyclic voltammetry (< 0.2 eV different), so the effect of HOMO 
level is not being probed with this study. For simplicity, the polymers will be abbreviated as 
follows: PBnDT-DTBT (BD), PBnDT-HTAZ (BH), PNDT-DTBT (ND), and PNDT-HTAZ 
(NH). 
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Figure 2.1 Structures, energy levels, and bandgaps for the polymers used in this study. 
2.2 Results & Discussion 
2.2.1 Polymer Properties 
The structures and energy levels of the four polymers of interest are shown in Figure 2.1.   
As discussed above, each polymer shares a common moiety with two other polymers. The 
HOMO levels were taken from the literature, or estimated from cyclic voltammetry.28,41  All 
HOMO levels are within 0.2 eV, which should prevent one of the donors serving as a trap within 
the blend.  Figure 2.2 shows the absorbance of the polymers in question.  The bandgap is largely 
determined by the donor moiety, and both polymers with DTBT (ND and BD) have a bandgap of 
1.65 eV. Whereas the HTAZ based polymers have wider bandgaps of 1.86 eV and 1.97 eV. The 
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complementary bandgaps of these polymers are key to extending absorbance and improving 
efficiency. 
 
Figure 2.2 UV-Vis spectra of the four polymers used in this study. 
 
2.2.2 UV-Vis of Ternary Blends 
When polymers with different bandgaps (e.g. ND:NH) are combined in ratios: 3:1, 1:1, and 
1:3, the absorbance of the blends tracks with the weighted average of the neat polymers: each 
contributing individually to the blend spectrum (Figure 2.3a).  The long wavelength peaks grow 
in as the polymer with a smaller bandgap is added into the mix. This is the ideal situation for a 
ternary blend, where the goal is to extend the absorbance and limit thermalization loss. Thus we 
will expect that the blends with complementary bandgaps are likely to show the highest increase 
in Jsc. When donors with similar bandgaps are combined, the blended absorbance spectra are 
slightly different. Rather than a clear increase in contribution from a small bandgap polymer at 
longer wavelengths, there is a general increase in the absorbance across the spectrum as the 
polymer with the stronger absorbance is added.  This stems from the difference in absorbance 
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than ND) (Figure 2.3b).  In this case we expect to see less improvement in the Jsc for the ternary 
blends, but these blends are still of interest as a control, to determine whether a common acceptor 
moiety is enough to guarantee compatibility in other ways. UV-Vis spectra for the rest of the 
ternary blends in this study are included in the appendix (Appendix A2).  
 
Figure 2.3 UV-Vis spectra of two PBHJ ternary blends: a) ND:NH without PC61BM, and b) 
BD:ND with PC61BM. 
 
2.2.3 Device Performance 
All devices reported herein were fabricated in conventional device stacks of 
ITO/PEDOT:PSS/Active Layer/Calcium(50 nm)/Aluminum(100 nm).  In each active layer the 
overall donor to acceptor ratio was maintained at 1:1 with PC61BM.  
Blends with a Common Donor Moiety 
The BD:BH blend has been previously reported as a working PBHJ where the optimized 
ternary blend (PCE 5.88%) outperformed either of the binary blends  (4.06% and 4.39% for BH 
and BD respectively).28  In this study, batch to batch variation from the synthesis and changes in 
processing conditions led to overall lower performances, and at no ratio does the ternary blend 
outperform the BD device (Table 2.1, Figure 2.4). This discrepancy has been seen with other 
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published systems as well, and serves to highlight the delicacy of ternary systems.31,40  However, 
the quintessential composition dependent Voc is reproduced in this blend, indicating a 
functioning PBHJ (Figure 2.4). Additionally, the PCE is also composition dependent, following 
a semi-linear trend as the ratio of BH increases.  Thus, it is clear that these polymers do not 
inhibit each other’s performance in the ternary blend, but both form charge transport networks 
effectively making a new solar cell with the average behavior of the parent cells.  While we were 
not able to replicate the improvement in performance previously published, these polymers are 
still compatible.  As will be discussed below, it is possible for two polymers to be completely 
incompatible: the ternary blends perform significantly worse than either binary blend.  This was 
not the case here. However, we do not see the improvement in Jsc published previously, which 
likely stemmed from enhanced charge transfer and transport between the polymers in the prior 
study.  Despite these differences, the composition dependent PCE and Voc are clear indications 
that these polymers are compatible and form a working PBHJ. 
 
Figure 2.4. PCE and Voc of the PBHJs where the polymer pairs share a common donor moiety. 
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Additionally, it is clear from the EQE spectra of this blend that both polymers are 
contributing to the current (Figure 2.5).  From 660-760 nm the current increases with increasing 
BD concentration and from 460-510 nm the EQE exceeds the that from BD alone, indicating that 
BH is contributing to charge generation.  
 
Figure 2.5 EQE spectra as measured for the two ternary blends with a common donor moiety. a) 
BD:BH and b) ND:NH 
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The ND:NH blend was not a part of the previous study, but mirrors the BD:BH blend since in 
both pairs the polymers share a common donor moiety. By comparing the performance of these 
blends, we are able to ascertain whether this trait is essential to compatible PBHJ polymers. This 
is the first time the NH polymer has been synthesized; those details are available in Appendix 
A1. In a binary blend with PC61BM, NH exhibits particularly low performance, with a PCE of 
1.05 %, Voc of 0.456 V, Jsc of 4.19 mA/cm2 and FF of 54.8 % (Table 2.1). Given the overall 
poor performance, it seems unlikely that adding NH would improve the ND:PC61BM blend (PCE 
3.22%), and indeed, no improvement over the top performing binary blend is shown.  However, 
the ternary blends do exhibit the key features of a PBHJ: composition dependent Voc and PCE 
(Figure 2.4).  Despite its poor performance, NH does not completely disrupt the ternary blend 
and both polymers are able to contribute to current generation. In the EQE, the contribution from 
ND at 660 – 760 nm grows in as expected (Figure 2.5b). The contribution from NH is apparent 
since the EQE does not drop substantially from 460 – 660 nm as the amount of ND drops down 
to only 25%. This follows the trend previously observed in literature: many working PBHJs have 
a common donor moiety.  However, the question remains: is any common moiety sufficient? 
Will a common acceptor moiety also provide enough compatibility?  
Blends with a Common Acceptor Moiety 
In order to investigate the effect of a common acceptor moiety, we compared the BD:ND and 
BH:NH ternary blends.  It is important to note that due to the largely overlapping absorbance, 
these blends will not exhibit the extended spectra that is a major motivation of ternary blends.  
Additionally, it may be difficult to discern in EQE spectra whether both polymers are 
contributing.  However, if these polymers are compatible, we should still observe the averaged 
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PCE and composition dependent Voc, which are the hallmark of PBHJs. 
  
Figure 2.6 PCE and Voc of blends with a common acceptor moiety. 
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project, NH has shown a Voc from ~0.4V to ~0.6V, so small improvement in Voc with the 
addition of BH is possibly within error. The EQE spectra agrees with the trends observed with 
the PCE measurements, showing only slight improvement in current generation with the addition 
of BH into the blends (Figure 2.7).  Since there is significant overlap in the spectra, it is not 
possible to deconvolute which polymer is contributing to the current. 
 
 
Figure 2.7  EQE spectra of the ternary blends with a common acceptor moiety. a) BD:ND and b) 
BH:NH.  
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So, as with the BD:ND blend, despite having a common acceptor moiety, the BH:NH blend 
does not show compatibility. Based on these and the previous two examples, it seems clear that a 
common donor moiety, but not a common acceptor moiety, is important for a composition 
dependent Voc and PBHJ behavior. 
Blends with no Common Moiety 
As a final set, the two blends without a common moiety were investigated. For the BD:NH 
blend, the PCE of the ternary blends dropped quickly with the addition of NH to the blend (from 
~3% to ~1%).  The Voc of ternary blends also dropped from 0.82 V to under 0.5 V (Figure 2.8). 
While the PCE and Voc of the ternary blends were not lower than both binary blends, they were 
essentially pinned to the values from the NH blend.  This behavior mirrors that of the BH:NH 
blend, where the ternary blends also were very similar to the NH binary blend.  It may be that 
without the presence of a common donor moiety, NH will dominate the performance in any 
ternary blend it is added to.  
  
Figure 2.8 PCE and Voc for the ternary blends without a common moiety. 
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For the ND:BH blend, the PCE of the ternary blends is much worse than either binary blend 
(dropping from ~3% to ~1%, Figure 2.8, Table 2.1).  Additionally, the Voc is not composition 
dependent, but hovers near the lower ND value (0.6 V). This in some ways also mirrors the 
behavior of the BD:ND blend, where the performance dropped significantly below the 
performance of the control binary blends. Thus, without the common donor moiety, the addition 
of ND leads to even lower performance in a ternary blend.  
Based on these two examples, it is clear that without the common moiety, the PCE will drop 
significantly, and not show the averaged behavior of a PBHJ.  However, for these two blends, the 
Voc did not drop similarly, but rather was pinned near the lowest binary blend (NH and ND, 
respectively).  
Interestingly, the blends without a common moiety showed particularly divergent EQE 
behavior (Figure 2.9). The Jsc of these ternary blends showed little improvement, even at times 
(in the case of the ND:BH) dropping well below the Jsc from the binary blends (~9 mA/cm2).  
The BD:NH blend was only slightly better than the lowest Jsc from the binary blends (~4 
mA/cm2). However, the EQE spectra of both of these pairings showed clear contribution from 
both polymers, and the integration of the spectra did not agree with the measured J-V currents.  
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Figure 2.9 EQE for the ternary blends with no common moiety in the polymer pair. a) BD:NH 
and b) ND:BH. 
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blend) and one where it didn’t (ND:BH 1:1 ratio). There was a clear difference in the white-
biased EQE between the working blends (BH and BD:BH) and the nonworking blend (ND:BH 
1:1) (Figure 2.10).  The poor performance of the ND:BH 1:1 blend, and marked difference 
between normal EQE and white biased EQE, indicates that significant issues with recombination 
in these blends, and a marked changed in conductivity under illumination. This is additional 
evidence that the blends without a common moiety are hindered by suboptimal charge transport 
conditions. 
 
Figure 2.10 White light biased EQE for a) working ternary blends and b) nonworking ternary 
blends. 
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Table 2.1 Device Performances for Ternary Blends in this Study. 
Polymer Thickness (nm) 
Jsc 
(mA/cm2) 
Voc 
(V) 
FF 
(%) 
η 
(%) 
BD 101 9.71 ±0.48 0.820 ±0.004 57.3 ±0.7 4.56 ±0.26 
BH 183 9.24 ±0.27 0.711 ±0.004 46.4 ±0.4 3.05 ±0.09 
ND 112 9.97 ±0.29 0.600 ±0.003 53.7 ±1.8 3.22 ±0.15 
NH 107 4.19 ±0.04 0.457 ±0.003 54.8 ±0.7 1.05 ±0.02 
BD:BH 3:1 103 9.66 ±0.49 0.798 ±0.003 56.7 ±1.0 4.37 ±0.22 
BD:BH 1:1 124 8.87 ±0.28 0.790 ±0.003 51.4 ±1.0 3.60 ±0.15 
BD:BH 1:3 173 7.26 ±0.36 0.783 ±0.002 44.3 ±0.8 2.52 ±0.15 
ND:NH 3:1 88 7.75 ±0.16 0.611 ±0.001 60.3 ±0.5 2.86 ±0.08 
ND:NH 1:1 108 6.80 ±0.11 0.578 ±0.002 53.7 ±0.9 2.11 ±0.05 
ND:NH 1:3 96 5.60 ±0.14 0.519 ±0.002 53.1 ±1.0 1.54 ±0.05 
BD:ND 3:1 163 2.82 ±0.07 0.483 ±0.011 37.0 ±0.9 0.50 ±0.03 
BD:ND 1:1 150 3.30 ±0.10 0.500 ±0.002 46.0 ±0.3 0.76 ±0.02 
BD:ND 1:3 122 5.85 ±0.22 0.548 ±0.004 51.9 ±0.6 1.66 ±0.07 
BH:NH 3:1 160 6.36 ±0.44 0.576 ±0.014 39.6 ±0.7 1.46 ±0.15 
BH:NH 1:1 166 5.6 ±0.13 0.541 ±0.005 40.2 ±0.5 1.22 ±0.04 
BH:NH 1:3 152 5.51 ±0.27 0.53 ±0.004 50.7 ±1.8 1.48 ±0.06 
BD:NH 3:1 118 4.77 ±0.33 0.449 ±0.004 38.3 ±0.4 0.82 ±0.05 
BD:NH 1:1 120 4.44 ±0.29 0.403 ±0.006 38.3 ±1.1 0.68 ±0.03 
BD:NH 1:3 114 4.97 ±0.33 0.496 ±0.008 47.7 ±1.9 1.18 ±0.14 
ND:BH 3:1 149 5.28 ±0.34 0.615 ±0.002 38.4 ±0.2 1.25 ±0.08 
ND:BH 1:1 160 3.30 ±0.16 0.587 ±0.002 44.7 ±1.4 0.87 ±0.06 
ND:BH 1:3 175 4.54 ±0.11 0.570 ±0.001 47.0 ±0.2 1.22 ±0.03 
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2.2.4 Energy of the CT State 
Since one of the key features of a working PBHJ is the composition dependent Voc, we 
decided to investigate the energy of the charge transfer (CT) state using high-sensitivity low-
energy EQE. The energy of the CT state has been clearly linked to the Voc.29,35,36  
Previously in the literature, ternary blends have shown CT EQE (and therefore CT energy) 
between the parent binary blends, with energies following the trend in Voc.29,33  Here we 
measured the EQE of the CT state of the binary blends and the 1:1 ratios of four of our ternary 
blends: BD:BH, BD:ND, BH:NH, and BD:NH.  The trends in Voc for these for blends are 
displayed in Figure 2.13. Initially, we expected that for the working blend, BD:BH, the CT EQE 
the blends would lie roughly in the middle, between the BD and BH CT EQE.  There are 
relatively few examples of CT EQE measurements for nonworking blends, but it was expected 
that the CT energy would be pinned to the CT energy of the lower binary blend.33  Since the CT 
energy does not take into account the effect of recombination on Voc, it is possible that a blend 
could have a favorable CT energy but still have a terrible Voc.  
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Figure 2.11 The trends in Voc with composition for four of the blends, displayed as the percent 
BH in BD, ND in BD, NH in BH, and NH in BD. 
 
 A qualitative analysis of the shape of the CT EQE curves suggests that in each case, the 
energy of the CT state heavily favors one of the polymers in the blend (Figure 2.12).  In fact, 
there was no clear difference in the behavior of the working blend (BD:BH) compared to the 
other three nonworking blends. The BD:BH blend did not have a CT roughly in the middle, but 
rather heavily favored the BD behavior.  It should also be noted that although the CT energy of 
the blends does appear to be “pinned” to one of the binary blends, it is not always the polymer 
with the lower HOMO level.  In the BD:BH blend, the CT energy favors BD, which has a higher 
HOMO level. Rather, the CT energy of the blend always favors the polymer with the lower 
bandgap. This may be due to a difference between the polymers regarding their solubility in 
PC61BM. If one of the polymers is more soluble in PC61BM, it will benefit from increased 
interfacial area and may dominated the EQE spectra, without leading to enough difference in 
charge transport to effect the Voc. 
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Figure 2.12 Measurements of the high sensitivity, low-energy EQE for a) BD:BH, b) ND:BD, c) 
BD:NH and d) BH:NH all at the 1:1 ratio. 
  
Alternatively, this may be evidence of increased energy transfer between the polymers 
(which was previously postulated as a possible means of improved efficiency in these systems.  
Often, more than one mechanism can occur in the same ternary blend).21,27,34 Since energy 
transfer occurs from the large bandgap polymer to the small bandgap polymer, this would lead to 
the blend favoring the CT energy for the small bandgap polymer.  Normally, if energy transfer is 
the only mechanism in the blend, the Voc is pinned to the Voc of the lowest binary blend.  
However, it seems likely that in this case, the energy transfer is in addition to the typical parallel-
charge transport, and thus the Voc is not pinned, but the more sensitive low energy EQE 
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measurement shows evidence of this additional mechanism.  In addition, we measured the 3:1 
and 1:3 ratios for the BD:BH blend (Figure 2.13).  It is only after increasing the concentration of 
NH up to 50%, that the CT curve begins to shift towards the EQE spectrum of the NH blend, 
confirming the previously presented results.  
1.2 1.3 1.4 1.5 1.6 1.710
-6
10-5
10-4
10-3
10-2
10-1
100
 BD
 NH
 BD:NH 1:1
 BD:NH 3:1
 BD:NH 1:3
Photon energy (eV)
 
 
No
rm
al
ize
d 
EQ
E
 
Figure 2.13 Measurements of the high sensitivity, low-energy EQE for multiple ratios of the 
BD:NH non-working blend. 
 
2.2.5 Morphology 
The morphology of a ternary blend can be difficult to quantify. A typical binary BHJ is a 
delicately balanced, kinetically trapped three phase system consisting of a polymer phase, a 
fullerene phase, and a mixed phase. Domains must be small enough to guarantee exciton 
diffusion to the interface, but large enough to form charge transport pathways. Domains must be 
pure enough to reduce recombination, but also provide sufficient interaction with the second 
component for exciton splitting.  A ternary BHJ must also fit these parameters, but with the 
added complications of polymer:polymer interactions.  Additionally, since the polymers may 
have differing affinities for PC61BM, there may be competition between them for the interface 
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with the acceptor.  Measuring and analyzing these systems can prove challenging, since often 
times, the two polymers involved are difficult to distinguish, given their similar elemental 
makeup and structural motifs. Several methods are used here to gain some insight into the 
morphology of these systems.  Each contributes a glimpse of the complex morphology inherent 
to this three component, kinetically trapped system.  
Surface Energy 
Surface energy has been used as a predictor of polymer compatibility, and is fairly 
straightforward to measure on thin films using contact angle measurements for two 
solvents.31,38,43 Two polymers with very different Free Surface Energies are less likely to be 
miscible, and more likely to yield poor morphology and poor performance.31,43  However, for our 
polymers, all four polymers here have very similar surface energies (which are also similar to the 
surface energy of PC61BM, suggesting similar miscibility with the fullerene) (Table 2.2). While 
the differences in morphology may still play an important role in the formation of a working (or 
nonworking) PBHJ, it is not apparent using this predictive metric for this case.  
Table 2.2 Surface energy measurements including contact angles and free surface energy. 
Polymer θ H2O θ DMSO Free  
Surface 
Energy 
 (mN/m) 
Blend ΔFree 
Surface 
Energy 
(mN/m) 
BH 103.8 59.26 27.7 BD:BH 2.2 
BD 105.76 64.06 25.5 ND:NH 2.8 
NH 104.18 59.51 31.0 BD:ND 2.7 
ND 105.9 54.77 28.2 BH:NH 3.3 
PC61BM33 ---- ---- 27.6 BD:NH 5.5 
---- ---- ---- ---- ND:BH 0.5 
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SIMS 
One poorly investigated aspect of ternary blends is the possibility of vertical segregation in 
the blends. Vertical segregation in binary blends between the polymer and the fullerene is well 
documented.44  There is no reason to think that this couldn’t also occur between the polymers in 
the blend. The relatively solubility of these polymers in oDCB (the casting solvent) is not 
known, so it is possible that one of the polymers will drop out solution more quickly, influencing 
vertical segregation.  To investigate this possibility, and it’s correlation to device performance 
we measured secondary ion mass spectrometry (SIMS) on a working and non-working blend: 
BD:BH and BD:ND, respectively. Initial measurements using visual light microscopy indicate 
that while both films are rough, the BD:ND film is clearly rougher (Appendix A3), and the 
roughness of both films may complicate the measurement.  We also attempted to use C60 as a 
bombardment ion as an attempt to obtain unique molecular fragments, which would enable us to 
distinguish between the polymers.  Unfortunately, this was not possible, so we were limited to 
measuring the polymers:PC61BM stratification.  
For the BD:BH device, there was some polymer enrichment at the top and the bottom of the 
film (Figure 2.14) which is consistent with normal device behavior.  Additionally, there was an 
observable interface with the silicon substrate from 80-140 nm. However, this is not a 
particularly clear interface, suggesting non-negligible aggregation blurs the interface with Si.   
For the BD:ND device (Figure 2.14), there are no discernable interfaces; signal from the Si 
gradually increases while the PC61BM and BD:ND signal concurrently decreases.  This is likely 
due to a combination of the inherent roughness of the film as well as the thin quality of this 
particular sample.  Such a poor film, with an high aggregation almost creating a “porous” 
structure, is likely a contributing factor to the poor device performance of BD:ND.  Despite the 
34 
 
fact that these polymers are able to form binary blends with PC61BM to create successful BHJs, 
when paired in a ternary blend, the resulting aggregation leads to poor film formation. While we 
were not able to gather meaningful data regarding stratification of the polymers in these blends, 
measuring SIMS did provide some understanding of the inherent roughness of these films, and 
how that might affect device performance. 
 
Figure 2.14 SIMS depth profiles for the BD:BH and BD:ND blends 
STXM 
Finally, We utilized scanning transmission x-ray microscopy (STXM) to study these systems, 
which uses differences in resonance energies to provide materials contrast and image the films.45 
We focused on the three blends containing BD, as they showed the most varied performance: 
BD:BH, BD:ND, and BD:NH.  These represent blends with a common donor moiety, common 
acceptor moiety, and no common moiety.  
The STXM composite analyses of the ternary blends at the 1:1 ratio are shown in Figure 
2.15, 2.16, and 2.17. (The analysis of the binary blends can be found in Appendix A4.) Line 
profiles for these blends are shown in Figure 2.18. (Line profiles of the 1:3 ratios can also be 
found in Appendix A4.). 
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Figure 2.15. STXM composite analysis of the BD:BH 1:1 ternary blend 
 
Figure 2.16. STXM composite analysis of the BD:ND 1:1 ternary blend 
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Figure 2.17. STXM composite analysis of the BD:NH 1:1 ternary blend 
For the BD:BH blend, the BH is drastically anti-correlated to the PC61BM trace, whereas the 
BD is correlated with the PC61BM and anti-correlated with the BH.  This suggests that the 
PC61BM favors mixing with the BD blend, which may in part explain the fact that the CT 
energies also favor the BD (more CT states form between BD: PC61BM than between BH: 
PC61BM, and dominate the spectra for that reason).  The relatively pure BH domains may 
facilitate charge transport, but given that the Voc is not pinned to the value of BH (0.706 V), the 
BD must play a significant role in charge transport. BH and BD have similar hole mobilities in 
the literature,12,46 so it is unclear whether BH would provide added benefits as a transport matrix.  
However, it is clear that for this working PBHJ, the polymers form independent domains. 
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Figure 2.18 STXM line scans for the measured blends in 1:1 ratios. 
For the BD:ND blend, the polymers are also anti-correlated, forming their own domains.  
Again, the PC61BM seems to slightly favor the BD blend.  However, this does not agree with the 
measurements of the CT energy, in which the blend favored the ND (this is also apparent in the 
BD:ND 1:3 ratio, Appendix A4).  Thus it is not clear that the difference in PC61BM mixing is 
effecting the CT energy, but rather it may be due to energy transfer. Here the domains are less 
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clear, which may contribute to the poor performance of this blend, along with the increased 
roughness discussed previously. 
For the BD:NH blend, the polymers are slightly anti-correlated, but the PC61BM does not 
seem to favor one polymer over the other (this is especially true in the BD:NH 1:3 ratio, 
Appendix A4). This is different from the other nonworking blend, where PC61BM seemed to 
favor the BD. While it is difficult to draw any comparisons between the three blends, the results 
suggest that the working blend forms separate polymer domains, whereas the other two 
nonworking blends are more intermixed. This suggests that the formation of independent charge 
transport pathways may be crucial to the formation of a working PBHJ. 
2.3 Conclusion 
This study was designed to probe the effect of backbone compatibility on PBHJ behavior, 
and to outline guidelines for polymer selection in ternary blends. We did this by comparing the 
performance of two blends with common donor moieties (BD:BH and ND:NH), two blends with 
common acceptor moieties (BD:ND and BH:NH), and two blends with no common moiety 
(BD:NH and BH:ND).  Only the blends with a common donor moiety showed both the 
composition dependent Voc and the averaged PCE which indicate a working PBHJ.  Since 
typically the donor moiety of a D-A type copolymer is associated with hole transport—one of the 
main duties of the polymer within the BHJ, it makes some amount of sense that these must be 
compatible for a PBHJ where both polymers form hole transport networks.  
Further investigation of the blends shows that the CT energies do not trend with the Voc, as 
has been previously reported for these types of devices.40  Rather, the CT energy of the blend 
always favored the CT energy of the polymer with the lower bandgap, for both working and 
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nonworking blends. This may be indicative of additional charge generation mechanisms, such as 
energy transfer, which, while not limiting the Voc, become apparent in the highly sensitive CT 
spectra.  
Lastly, the morphologies of the nonworking blends vary significantly.  However, while 
suffering from increased roughness, the working blend BD:BH also exhibits the clearest 
delineation between polymer domains.  This indicates that the formation of separate charge 
transfer pathways is a key component of a working PBHJ.  
 Considering all the data as a whole and reflecting on the overarching patterns, it becomes 
even clearer that PBHJs and similar ternary blends are incredibly complex systems. No single set 
of design rules, no single descriptive model, can account for the extended variability which 
comes with adding a third component to a delicate system.  However, as has been suggested 
previously, the compatibility of the polymers clearly plays an important role. PBHJs offer the 
hope of extending the absorbance of a single-junction solar cell, limiting the losses from 
thermalization and sub-bandgap photon loss.  Compatibility of the backbone, particularly of the 
donor moiety, is key to achieving this goal.  
2.4 Experimental Section 
The monomers BnDT, NDT, DTBT and HTAZ were synthesized as previously reported.34,41   
The polymerizations of PBnDT-DTBT, PBnDT-HTAZ, and PNDT-DTBT were carried out as 
previously reported.15,47  This is the first time the synthesis of PNDT-HTAZ has been reported, 
and the synthetic details are included in the Appendix A1. UV-Vis spectra were measured either 
on a) films cast on glass under the same casting conditions used for devices, or b) on devices using 
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a Shimadzu UV-2600 spectrophotometer. SIMS and STXM were measured on films fabricated 
under the same conditions as devices, using silicon as a substrate.  
Device Fabrication 
Device fabrication began by cleaning indium doped tin oxide subtrates by sonicating in 
deionzied water, acetone, and isopropyl alcohol, then subjecting them to UV-Ozone treatement for 
fifteen minutes.  Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS; PH500 
from Clevios, used as delivered) was used as a hole transport layer: spuncast at 2000 rpm and 
annealed at 130 ºC for 15 minutes  to create ~50 nm films. Substrates were then transfered to 
nitrogen atomosphere for all subsequent steps.  A solution of polymer(s):PC61BM 1:2 ratio by wt, 
at a concentration of 10 mg/mL of polymer, in ortho-dichlorobenzene was stirred at 130 ºC for 6 
hrs. The PC61BM was purchased from Nano-C and used as received. The active layer was then 
deposited through a 1 um Poly(tetrafluoroethylene) filter to achieve the desired film thickness. The 
wet films were then solvent annealed in a closed petri dish for at least 6 hours.  After this, 30 nm 
of calcium was deposited via thermal evaporation, followed by 70 nm of aluminum, both at 3 × 
10-6 mbar. All photovoltaic devices were measured under AM 1.5G irradiation (100 mW/cm2, 
Oriel 91160, 300 W) calibrated using an NREL certified standard silicon cell, and recorded using 
a Keithley 2400 digital source meter. Reported values are the average of at least 6 devices with 
standard deviation. Thickness of the active layer was measured by an Alpha Step D-100 KLA -
Tencor profilometer. Low-energy EQE and white-biased EQE were measured on films fabricated 
as described and then shipped to collaborators prior to the evaporation step, which was carried out 
in the receiving lab according to the details previously presented. 
Acknowledgements: White-biased EQE was measured and analyzed by Marcus Scharber at 
Johannes Kepler University Linz. SIMS was measured and analyzed by Xuechen Jiao of Harald 
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Ade’s group at North Carolina State University.  STXM was measured and analyzed by Adrian 
Hunt of Harald Ade’s group at North Carolina State University. Qianqian Zhang of Wei You’s 
group at University of North Carolina, Chapel Hill synthesized all of the monomers and polymers 
used in this study. 
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CHAPTER 3 
THE EFFECT OF FLUORINATION IN A PARALLEL-LIKE BULK 
HETEROJUNCTION, RANDOM COPOLYMER, AND REGULAR COPOLYMER3 
 
3.1 Introduction 
Adding electronegative fluorine substituents to the backbone of the donor conjugated polymer 
has become a popular and effective strategy for improving the power conversion efficiency (PCE) 
of polymer solar cells.3,12,48,46,49–53 Indeed, fluorination of the donor polymers can enhance all three 
key device output characteristics: open circuit voltage (𝑉𝑉𝑜𝑜𝑜𝑜), short circuit current (𝐽𝐽𝑠𝑠𝑜𝑜), and fill 
factor (FF), via a variety of mechanisms. Typically, electronegative fluorine substituents can 
deepen the highest occupied molecular orbital (HOMO) level of the donor polymer, leading to a 
higher 𝑉𝑉𝑜𝑜𝑜𝑜 in bulk heterojunction (BHJ) devices.54–57 Interestingly, this lowered HOMO level is 
often accompanied by a similar shift in the lowest unoccupied molecular orbital (LUMO) level, 
thereby maintaining the effective band gap of the donor polymer.12,46,56,58,59 In this case, if the 
dominant charge loss mechanisms can be mitigated by fluorination, the related BHJ devices would 
also demonstrate improved 𝐽𝐽𝑠𝑠𝑜𝑜and/or FF.54,60  
In our earlier study on a series of polymers (PBnDT-DTBT) that have 0, 1 and 2 fluorine 
substituents on the benzothiadiazole (BT) unit, we showed that increased fluorination led to 
increased 𝑉𝑉𝑜𝑜𝑜𝑜, 𝐽𝐽𝑠𝑠𝑜𝑜, and FF.54 While the improved 𝑉𝑉𝑜𝑜𝑜𝑜 could be ascribed to the lower HOMO level, 
the 𝐽𝐽𝑠𝑠𝑜𝑜 and FF improved largely due to reduced recombination, which was traced to an increase in 
                                                          
3 Reprinted with permission from Kelly, M.A.; Roland, S.; Zhan, Q.; Lee, Y.; Kabius, B.; Wang,Q.; Gomez E.D.; 
Neher, D.; You, W.;  J. Phys. Chem. C, 2017, 121 (4), pp 2059–2068. Copyright 2017 American Chemical Society." 
43 
 
the change in dipole moment as well as improved morphology. Indeed, adding fluorine to 
conjugated polymers often has beneficial structural and morphological effects, including a more 
planar conjugated backbone and improved π-π stacking, both of which can help improve charge 
transport.56,60–64 Furthermore, fluorination of the conjugated polymer can improve the face-on 
orientation of such polymers relative to the substrate, and the domain purity in BHJ blends of the 
conjugated polymer and phenyl-C61-butyric acid methyl ester (PC61BM), likely by excluding 
PCBM due to low miscibility.15,54 All these contribute to the higher power conversion efficiency 
(PCE) of the fluorinated polymer in BHJ devices when compared to a non-fluorinated 
counterpart.12,54,60 In fact, the current record-high efficiency was achieved with a fluorinated 
conjugated donor polymer,65,66 highlighting the impact and effectiveness of fluorination. 
To further understand the performance-enhancing effect of fluorination, we recently synthesized 
a series of copolymers based on poly(benzodithiophene–dithienyldifluorobenzotriazole) (PBnDT-
FTAZ),12 where fluorine was incorporated randomly along the conjugated backbone to yield 
polymers with a systematically increased degree of fluorination.60 A careful and comprehensive 
investigation disclosed that domain size and purity, recombination kinetics, and charge generation 
all remained similar in the studied BHJ blends for all levels of fluorination, allowing us to directly 
link the fluorine impact to a single cause: the increased hole mobility due to improved π-π 
stacking.60 Specifically, the increased hole mobility would lead to a faster charge extraction and 
thereby more attenuated bimolecular recombination, resulting in an increased FF (and therefore 
an improved PCE). Such improved hole mobility in the out of plane direction by the fluorination 
has also been observed in other cases.67  
However, such a random copolymer has its own limitations. For example, in the F50 polymer 
(where 50% of the polymerized acceptor monomers were FTAZ, the fluorinated monomer), there 
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could be “oligomeric” segments which structurally mimic PBnDT-FTAZ and segments mimicking 
PBnDT-HTAZ. This irregularity, intrinsic to the random copolymerization, could have a strong 
impact on the morphology and overall performance of the blend, as we observed in another study 
that compared a regular terpolymer and a random copolymer.68 Thus, in order to address the 
irregularity of the F50 polymer and further probe the effect that the method of fluorination has on 
the device performance, we decided to synthesize a polymer that also incorporated 50% fluorine 
along the backbone, poly(benzodithiophene–dithienylmonofluorobenzotriazole) (monoFTAZ), by 
fluorinating the TAZ unit with a single fluorine. This monoFTAZ polymer would ensure that the 
distribution of fluorine along the backbone is regular, with identical fluorine content (50%) to that 
of the F50 polymer.  
In addition, similar to our previous study,68 a third scenario for introducing 50% F content into 
the active layer was also included in this study, namely a 1:1 (by weight) physical blend of PBnDT-
HTAZ and PBnDT-FTAZ. This third scenario chemically mimics the F50 polymer and the 
monoFTAZ polymer, but is a physical mixture rather than a covalently linked system. Therefore, 
these three scenarios construct an interesting library of polymeric systems that have identical F 
content (i.e., 50% F) incorporated via different means (Figure 3.1a), allowing us to study the 
impact that the method of introducing fluorine to the system has on the device performance (i.e., 
random vs. regular vs. ternary). 
Our study was also motivated by recent work on physical ternary blends, 21,27,28,69,70 where a 
donor is mixed with two acceptors of different LUMO energy (or an acceptor is blended with two 
donors). While it was expected that the open circuit voltage of such a ternary blend is limited by 
the donor-acceptor couple with the smaller HOMO-LUMO gap, some ternary blends had their 𝑉𝑉𝑜𝑜𝑜𝑜 
between those of the lower and of the higher bandgap binaries, with a distinct, more or less linear, 
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dependence of 𝑉𝑉𝑜𝑜𝑜𝑜 on blend composition. Several mechanisms were proposed to explain this 
behavior, such as wavefunction delocalization over several molecules in an alloy,29 filling of a 
joint density of states,71 long range electrostatic effects, and a shift of the energy levels of the 
individual components caused by composition dependent molecular aggregation.72 Here, the 
fluorinated TAZ-units are introduced in three distinctly different fashions: regularly (monoFTAZ), 
or randomly (F50) along the same partially-fluorinated backbone, or through a 1:1 physical blend 
of fully fluorinated and non-fluorinated polymer chains (H:F 1:1). Thus these three scenarios offer 
an ideal testbed to study the influence of the local distribution of the fluorinated units on the 
energetics of donor-acceptor blends and the resulting Voc. 
Our results show that the monoFTAZ polymer (abbreviated as monoF) and the F50 polymer 
based solar cells give almost identical device characteristics in every respect, suggesting that any 
irregularities on the F50 backbone do not in fact reduce the performance. More interestingly, the 
photovoltaic device performance of the 1:1 blend of HTAZ:FTAZ is on par with those of the 
regular polymer and random polymer based devices, despite their physical differences. 
Indeed, a detailed study of charge carrier generation, recombination and extraction reveals 
identical properties for these three systems. Furthermore, the mobility improvement by chemically 
introducing fluorine substituents (i.e., random and regular) – as one would expect – is similarly 
achieved by physically blending the high mobility polymer (FTAZ) with the low mobility polymer 
(HTAZ). The combination of these effects indicates that the device performance is unaffected by 
the way the fluorinated sites are spatially distributed on a local scale. Thus it may be possible to 
improve the mobility of other ternary blend systems (typically designed to improve light 
absorption) by ensuring that one of the components is a high mobility polymer (such as FTAZ). 
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3.2 Results and Discussion 
3.2.1 Electrochemical and Optical Properties 
Figure 3.1a lists the three polymeric systems in this study. While PBnDT-FTAZ (FTAZ), 
PBnDT-HTAZ (HTAZ), and P(BnDT50-HTAZ25-FTAZ25) (F50) were synthesized as previously 
reported, 12,60 monoF was newly prepared (synthetic procedure and supporting analysis in the 
Appendix B1). All polymers in this study had sufficiently high molecular weight (over 40 kg/mol, 
see Appendix B2) to minimize any possible complication on the device performance.73 The optical 
band gap of monoF was 1.94 eV, calculated from the UV-Vis spectrum of a neat polymer film cast 
from trichlorobenzene (TCB) (Appendix B2, Figure B9). This value is comparable to the band 
gaps of all other polymers in this study.12,60 The similar optical band gaps of all polymers, coupled 
with the similar absorbance for the polymer:PC61BM blends of all three 50% F films (monoF, F50, 
and H:F 1:1) indicates that the difference in the method of introducing fluorine does not 
significantly affect the absorption properties of the blends (Appendix B2, Figure B10). Therefore, 
any differences in performance are unlikely to be related to the light absorption. 
Cyclic voltammetry (CV) was conveniently used to estimate the energy level of the highest 
occupied molecular orbital (HOMO) of the polymers of interest (Appendix B2). We want to 
emphasize the estimative nature in using CV to access the HOMO level of conjugated polymers, 
as the numerical value of the frontier orbital levels can be influenced by the measurement itself 
and the calculation method used.74 In this study, the absolute values of the HOMO levels of FTAZ 
and HTAZ are both slightly higher than previously reported, but still differ by ~ 0.05 eV, consistent 
with our previous report (Figure 3.2).60 Interestingly, both F50 and monoF show HOMO levels 
between that of HTAZ and FTAZ, given the strong influence the fluorination has on the HOMO 
level (see Appendix B2). 
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Figure 3.1. a) Three different systems with 50% F content in the active layer. F50 is the 
random copolymer with m:n being 1:1; due to the asymmetry of the monomer, monoFTAZ, the 
regular polymer, yet has two different orientations along the backbone; FTAZ:HTAZ is a 
physical blend that has two polymers at 1:1 weight ratio. b) Representative J-V curves for the 
50% F blend solar cells. 
 
Figure 3.2 Energy levels of relevant polymers and PCBM. 
 
 
 
 
48 
 
3.2.2 Device Performance 
To study the photovoltaic performance of these polymers, devices were fabricated with the 
conventional structure ITO/PEDOT:PSS/polymer(s):PC61BM(1:2)/Ca/Al and measured under 1 
sun condition with a 1.5AM solar simulator. The active layer was cast under the same condition 
for all devices. For all devices, thickness was maintained at 200-250 nm for accurate comparison. 
Results are tabulated in Table 3.1, with representative J-V curves shown in Figure 3.1b. To our 
surprise, the performance for all three 50% F systems is remarkably similar. Specifically, the 𝐽𝐽𝑠𝑠𝑜𝑜 of 
the monoF based device and the H:F 1:1 based device are very similar at ~11 mA cm-2 (the 𝐽𝐽𝑠𝑠𝑜𝑜 of 
the F50 based cells is slightly higher at 11.6 mA cm-2, though the standard deviations suggest this 
is not a significant difference). The 𝑉𝑉𝑜𝑜𝑜𝑜 values of all three 50% F based devices are almost identical 
at ~ 0.77 V; and more interestingly, the fill factors of all three blends are between that of HTAZ 
and FTAZ at ~60%, which was expected for at least the F50 system.60 The external quantum 
efficiency (EQE) was also measured for these systems (see Appendix B2, Figure B11): all blends 
exhibit an EQE between 50-60%. All these data suggest that regardless of the means of fluorination 
(random or regular, physical or chemical), a similar increase in performance over the non-
fluorinated system is observed. While the similar device performance of monoF based cells and 
the F50 based ones is somewhat expected – given the equivalent fluorination in these two binary 
blend based BHJ cells, the strikingly similar device characteristics of H:F 1:1 ternary blend based 
cells to those of monoF (and F50) is rather surprising, which prompted us to conduct further 
investigations. 
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Table 3.1 PV Performance for the H:F physical blends as well as the four polymers of interest. 
 
Thickness 
(nm) 
𝑱𝑱𝒔𝒔𝒔𝒔  
(mA/cm2) 
𝑽𝑽𝒐𝒐𝒔𝒔  
(V) 
FF  
(%) 
PCE 
(%) 
HTAZ 247 ±31 10.4 ±0.4 0.761 ±0.002 49.7 ±0.7 3.93 ±0.18 
FTAZ 233 ±11 11.5 ±0.4 0.810 ±0.010 72.5 ±1.1 6.73 ±0.31 
monoF 208 ±3 11.0 ±0.5 0.769 ±0.004 62.9 ±1.4 5.34 ±0.26 
H:F 1:1 245 ±33 10.8 ±0.4 0.768 ±0.004 61.4 ±1.9 5.10 ±0.19 
F50 198 ±3 11.6 ±0.2 0.768 ±0.006 59.7 ±3.1 5.32 ±0.24 
 
The rather high fill factors and EQE suggest charge generation to be efficient and independent 
of field. To confirm this, the external generation efficiency (EGE) was measured as a function of 
bias, using time delayed collection field (TDCF) experiments. Details about the setup and the 
experimental conditions can be found in previous studies and the Experimental.75–79 TDCF 
experiments reveal that the EGE is in a similar range (70-80 %) for all three 50% F blends at 
charge carrier densities comparable to one sun conditions,  and that the EGE is independent of the 
applied voltage (see Appendix B2, Figure B12), consistent with previous measurements on 
HTAZ, FTAZ and its statistical copolymers in combination with PC61BM.60 Though the exact 
mechanism of free charge generation at the donor-acceptor heterojunction is still unknown,80 
recent work revealed correlations of EGE with morphological features, e.g., domain sizes and 
purities,81–83 hole delocalization on the polymer backbone,84 or the mobility of the slower carrier.85 
Given the fact that all three systems studied are highly similar with respect to the absolute value 
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and field dependence of EGE, none of these properties seem to depend on the way how backbone 
fluorination is introduced into the blend. 
3.2.3 Open Circuit Voltage and CT Energy 
As noted above, all three 50% F systems display very similar 𝑉𝑉𝑜𝑜𝑜𝑜. It is now well established, that 
the open circuit voltage of organic BHJ solar cells is determined by the energy 𝑃𝑃𝐶𝐶𝐶𝐶 of the charge 
transfer state (CT-state) and by the radiative and non-radiative losses. As shown by Vandewal et 
al., all three quantities can be determined from the external quantum efficiency spectra, 𝑃𝑃𝐸𝐸𝑃𝑃𝑃𝑃𝑉𝑉 and 
𝑃𝑃𝐸𝐸𝑃𝑃𝐸𝐸𝐸𝐸.86  
The measured spectra, as plotted in Figure 3.3, are very similar for all three systems, indicating 
that the conditions determining the absorption and emission properties of the CT state are very 
similar in these three 50% F blends, irrespective of the means of fluorination (the EQE spectra of 
the HTAZ:PCBM and FTAZ:PCBM blends are displayed in Appendix B2, Figure B13).  
 
Figure 3.3. External quantum efficiency of the photocurrent and the electroluminescence for all 
three systems. Gaussian fits to the spectra are shown as red dashed lines and the external quantum 
efficiency of the photocurrent calculated from the emission spectrum is shown as gray lines. 
 
The energy of the CT state (ECT) was obtained by the combined fit of the EQEPV and EQEEL 
spectra with Gaussian line shape as outlined by Vandewal et al.86 The results of these fits, listed in 
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Table 3.2, reveal very similar values for the CT energy for the three 50% F systems, at 1.37-1.38 
eV, lying well between the CT energies of HTAZ (1.34 eV) and FTAZ (1.40 eV) (see Appendix 
B2, Figure B13). We also find very similar values for the Gaussian line width, suggesting the 
overall CT energetics to be independent of how fluorination was introduced into the blend. Note 
that the ECT’s of the non-fluorinated, the 50% fluorinated and the fully fluorinated blend differ 
only little, by a few tens of meV, but that these differences are well discernable in the EQE spectra 
shown in Figure 3.3 and Appendi B2. The very similar CT properties of the three 50% F systems, 
nonetheless being distinctly different from the properties of the non-fluorinated and fluorinated 
blends, indicates that they are mainly determined by the average concentration – rather than the 
exact local distribution – of the fluorinated units in the blend, in full agreement to recent simulation 
work which highlighted the importance of long range electrostatic interactions in determining the 
CT energy.14,87  
Comparison of ECT and the measured 𝑉𝑉𝑜𝑜𝑜𝑜 also implies very similar values for the total 𝑉𝑉𝑜𝑜𝑜𝑜 loss, 
ECT – e𝑉𝑉𝑜𝑜𝑜𝑜, which is about 0.614 ± 0.006 eV in all 50% F systems. To quantify contributions by 
radiative and non-radiative recombination to this loss, the EQE spectra were analyzed according 
to  
𝑉𝑉𝑂𝑂𝐶𝐶 = 𝑉𝑉𝑂𝑂𝐶𝐶,𝑟𝑟𝑟𝑟𝑟𝑟 − Δ𝑉𝑉𝑜𝑜𝑜𝑜,𝑛𝑛𝑜𝑜𝑛𝑛𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑘𝑘𝐵𝐵𝐶𝐶𝑞𝑞  𝑙𝑙𝑙𝑙 𝐽𝐽𝐺𝐺𝐽𝐽0 = 𝑘𝑘𝐵𝐵𝐶𝐶𝑞𝑞  𝑙𝑙𝑙𝑙 𝐽𝐽𝑃𝑃ℎ𝐽𝐽0,𝑅𝑅𝑅𝑅𝑅𝑅 + 𝑘𝑘𝐵𝐵𝐶𝐶𝑞𝑞  𝑙𝑙𝑙𝑙�𝑃𝑃𝐸𝐸𝑃𝑃𝐸𝐸𝐸𝐸,𝑖𝑖𝑛𝑛𝑖𝑖�    (3.1) 
Here, 𝑃𝑃𝐸𝐸𝑃𝑃𝐸𝐸𝐸𝐸,𝑖𝑖𝑛𝑛𝑖𝑖 is the 𝑃𝑃𝐸𝐸𝑃𝑃𝐸𝐸𝐸𝐸 integrated over the full spectrum, 𝑞𝑞 is the elementary charge, ℎ is 
Planck’s constant and 𝑐𝑐 denotes the speed of light. 𝑉𝑉𝑂𝑂𝐶𝐶,𝑟𝑟𝑟𝑟𝑟𝑟 is the open circuit voltage in case of 
purely radiative recombination (𝑃𝑃𝐸𝐸𝑃𝑃𝐸𝐸𝐸𝐸,𝑖𝑖𝑛𝑛𝑖𝑖 = 1), which is a sole function of the temperature, the 
generated photocurrent (JPh) and the radiative dark saturation current (J0.rad). Further, the radiative 
dark saturation current can be calculated from the photocurrent EQEPV spectra and the black body 
radiation (Φ𝐵𝐵𝐵𝐵) by:86 
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𝐽𝐽0,𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑞𝑞 ∫𝑃𝑃𝐸𝐸𝑃𝑃𝑃𝑃𝑉𝑉(ℏω)Φ𝐵𝐵𝐵𝐵(ℏω)𝑑𝑑ℏω       (3.2) 
To extend the directly measured 𝑃𝑃𝐸𝐸𝑃𝑃𝑃𝑃𝑉𝑉 to lower photon energies (where Φ𝐵𝐵𝐵𝐵 is largest), we 
make use of the optical reciprocity EQEPV(ℏω) ∝  EQEEL(ℏω)/ΦBB(ℏω).88,89 In Figure 3.3, 
𝑃𝑃𝐸𝐸𝑃𝑃𝑃𝑃𝑉𝑉 derived from the 𝑃𝑃𝐸𝐸𝑃𝑃𝐸𝐸𝐸𝐸 spectrum is depicted as a gray line. Its course matches very well 
that of the directly measured 𝑃𝑃𝐸𝐸𝑃𝑃𝑃𝑃𝑉𝑉, indicating that the reciprocity between emission and 
absorption holds true for the chosen injection conditions (room temperature conditions). 
Table 3.2 Charge Transfer State Energy and Open Circuit Voltage Losses as denoted by Δ. 
 𝑃𝑃𝐶𝐶𝐶𝐶 
[eV] 
𝑉𝑉𝑂𝑂𝐶𝐶,𝑟𝑟𝑟𝑟𝑟𝑟 
[V] 
∆𝑉𝑉𝑂𝑂𝐶𝐶,𝑟𝑟𝑟𝑟𝑟𝑟. 
[V] 
∆𝑉𝑉𝑂𝑂𝐶𝐶,𝑛𝑛𝑜𝑜𝑛𝑛𝑟𝑟𝑟𝑟𝑟𝑟. 
[V]  
𝑉𝑉𝑂𝑂𝐶𝐶,𝑚𝑚𝑚𝑚𝑟𝑟𝑠𝑠. 
[V] 
𝑉𝑉𝑂𝑂𝐶𝐶,𝑜𝑜𝑟𝑟𝑐𝑐𝑜𝑜. 
[V] a 
monoF 1.38 1.14 0.24 0.366 0.761 0.774 
H:F 1:1 1.38 1.15 0.23 0.373 0.764 0.777 
F50 1.37 1.11 0.26 0.337 0.762 0.773 
a. Calculated from equation 3.1 
 
Having determined 𝑃𝑃𝐸𝐸𝑃𝑃𝑃𝑃𝑉𝑉(ℏ𝜔𝜔) over a wide spectral range, the radiative limit of the open circuit 
voltage (𝑉𝑉𝑂𝑂𝐶𝐶,𝑟𝑟𝑟𝑟𝑟𝑟) was calculated with Equation 1 and 2. The result is shown in Table 3.2 for all 
systems, together with values for the radiative 𝑉𝑉𝑜𝑜𝑜𝑜 loss ( Δ𝑉𝑉𝑜𝑜𝑜𝑜,𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑃𝑃𝐶𝐶𝐶𝐶 − 𝑒𝑒𝑉𝑉𝑂𝑂𝐶𝐶,𝑟𝑟𝑟𝑟𝑟𝑟), the non-
radiative loss  Δ𝑉𝑉𝑜𝑜𝑜𝑜,𝑛𝑛𝑜𝑜𝑛𝑛𝑟𝑟𝑟𝑟𝑟𝑟, and 𝑉𝑉𝑜𝑜𝑜𝑜 calculated via 𝑉𝑉𝑂𝑂𝐶𝐶 = 𝑉𝑉𝑂𝑂𝐶𝐶,𝑟𝑟𝑟𝑟𝑟𝑟 − Δ𝑉𝑉𝑜𝑜𝑜𝑜,𝑛𝑛𝑜𝑜𝑛𝑛𝑟𝑟𝑟𝑟𝑟𝑟. The agreement 
between the calculated Voc with the measured 𝑉𝑉𝑂𝑂𝐶𝐶 (taken from the 𝐽𝐽𝑉𝑉-measurement) is excellent, 
with a deviation less than 20 mV for all systems. These results not only highlight the accuracy of 
the approach taken, but also emphasize that the individual loss components are nearly the same in 
all three blends. 
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3.2.4 Free Charge Carrier Recombination 
In order to more thoroughly understand the mechanism and kinetics of free charge carrier 
recombination, time delayed collection field (TDCF) and bias assisted charge extraction (BACE) 
were performed. These techniques have been used extensively and are described to a greater detail 
elsewhere.60,75,79,90–92 In TDCF, the sample is illuminated with a ns laser pulse while under a pre-
bias Vpre. The bias is then switched to a large reverse bias (Vcoll) after a given delay time td to 
collect all free carriers which remain in the device at td. TDCF thus allows us to investigate free 
charge generation and recombination upon pulsed illumination in the actual solar cell. BACE is a 
similar technique, but instead of a pulsed-laser, a steady state illumination source is used. BACE 
measurements as a function of illumination intensity and pre-bias, therefore, reveal all parameters 
determining the steady state charge carrier density in the device, namely, the non-geminate 
recombination coefficient and the effective mobility of the photogenerated carriers.92  
Steady State Recombination  
The charge carrier density at 𝑉𝑉𝑂𝑂𝐶𝐶  for different illumination conditions was measured via the 
BACE technique. At 𝑉𝑉𝑂𝑂𝐶𝐶  , the recombination rate 𝑅𝑅 = −𝛾𝛾𝑙𝑙𝛽𝛽 is equal to the generation rate 𝐺𝐺 
which itself is proportional to the light intensity. Here the recombination rate 𝑅𝑅 = −𝛾𝛾𝑙𝑙𝛽𝛽 is given 
in a very general way with 𝛽𝛽 as the recombination order and 𝛾𝛾 as the recombination coefficient. 
By evaluating the extracted charge carrier density dependent on the illumination intensity, we are 
able to determine the recombination order. We find that 𝛽𝛽 is very close to 2 (see Appendix B2, 
Figure B14) for all three systems, indicating that the main recombination channel is bimolecular 
recombination (BMR). 
 
 
54 
 
Transient Non-Geminate Recombination  
Transient recombination experiments were conducted using the TDCF technique as outlined 
above. These studies were motivated by our recent report of pronounced dispersive recombination 
in the binary blend of the donor polymer PCDTBT with PC61BM.93 It was concluded that energetic 
disorder results in a long-term thermalization of carriers, resulting in a slow-down of carrier motion 
and with that, slowing of the rate of non-geminate recombination. In our transient recombination 
experiments, extraction after excitation with a laser pulse was varied between approximately 5 ns 
to a few µs. From the totally extracted charge density ntot as function of delay time td, the 
recombination rate R is calculated via 𝑅𝑅(𝑡𝑡𝑟𝑟) =  Δ𝑛𝑛𝑡𝑡𝑜𝑜𝑡𝑡(𝑖𝑖𝑅𝑅)Δ𝑖𝑖𝑅𝑅 . From these data, differential decay plots 
are generated by plotting R as a function of the collected charge ncoll(td) (the carrier density present 
in the device at time td). Figure 3.4 summarized such differential decay plots for all three 50% F 
systems for a pre-bias of 0.76 V (open circuit conditions). 
In general, these plots can be subdivided into two regions.91,93 At short delay times td, the 
recombination rate depends explicitly on td. This is the regime of dispersive recombination, where 
the recombination dynamics are affected by the slow-down of charge carrier motion due to 
thermalization. At longer times, the differential decay data for different fluences fall onto one line, 
meaning that the recombination rate becomes an explicit function of only the carrier density (but 
not of the delay time). This is the regime governed by the recombination of thermalized charges. 
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Figure 3.4 Differential decay of the total charge carrier density extracted in the TDCF 
experiment plotted versus the collected charge carrier density. The decay was measured for a broad 
intensity range as denoted in the legend. The concentration of background charge for each system 
is shown as vertical black line. The red and grey lines with a slope of 2 and 1, respectively, are 
guides to the eye to show the apparent recombination order. As predicted by Equation 3, the order 
is one at low ncoll (recombination of photogenerated charge with dark charge) and increases to 
two at high ncoll (when recombination is predominately between photogenerated charge) 
 
Importantly, the differential decays of the three 50% F systems display significant similarities 
in every respect. Firstly, in all three systems, there is only minor (if not negligible) contribution 
from dispersive recombination. Given that the time scale and extent of carrier thermalization and 
recombination depends largely on the type of energetic disorder,94 our finding suggests that the 
relevant density of state distributions of the three blends are either very similar, or that any 
difference is not relevant for the recombination dynamics at the measured time scale. Secondly, in 
the regime of thermalized carrier recombination, not only the overall power-law dependence of R 
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or ncoll, but also the absolute recombination rate for a given carrier density, are very similar for the 
three blends. In fact, by additionally accounting for injected dark charges (𝑙𝑙𝐵𝐵𝐵𝐵), which are 
determined by BACE,95 the differential decay of the total charge carrier density can be fitted by: 
Δ𝑛𝑛𝑡𝑡𝑜𝑜𝑡𝑡
Δ𝑖𝑖
= −𝑘𝑘2(𝑙𝑙𝑜𝑜𝑜𝑜𝑐𝑐𝑐𝑐2 + 2𝑙𝑙𝑜𝑜𝑜𝑜𝑐𝑐𝑐𝑐𝑙𝑙𝐵𝐵𝐵𝐵)         (3.3) 
The resulting BMR coefficients 𝑘𝑘2, obtained via fitting equation (3.3), are comparable to the 
coefficients from BACE and are found to be: 1.2 × 10−17 m3 s-1 for F50, 1.0 × 10−17 m3 s-1 for 
monoF and 2 × 10−17 m3 s-1 for H:F 1:1.  
Overall, TDCF data also show very comparable results for all three systems, indicating that the 
recombination mechanism and pathway is largely identical, regardless of how the fluorine 
substitution is incorporated into the bulk heterojunction. This finding is in especially good 
agreement with the similar voltage loss (vide supra), indicating that the mesoscale morphology 
determines the CT-state energetics, and with that, also the bimolecular recombination mechanism. 
3.2.5 Electron and Hole Mobility 
Single carrier mobilities were measured using the space-charge limited current (SCLC) method. 
The results are included in Table 3.3. For the 50 % blends (monoF, F50, and H:F 1:1), the hole 
mobilities are similar and range from 3 to 6.7 × 10−4 cm2 V-1s-1. These values lie between the 
mobilities of HTAZ and FTAZ and agree with the similar 𝐹𝐹𝐹𝐹 for the 50 % blends. The electron 
mobilities for the 50 % devices are all similar at 1‒2 × 10−3 cm2 V-1s-1, and agree well with the 
previous measurements.60 As those values have been obtained on single carrier devices, we also 
measured the effective steady state mobility in the actual solar cell with BACE, following the 
procedure published by Albrecht et al.92 Specifically, we measured the extracted charges at 
different open circuit voltages (for different illumination intensity) and at different voltages for 
fixed illumination intensities,92 with data collected in Figure B15 in Appendix B2. The resulting 
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effective mobilities are also listed in Table 3. These values are then compared to effective mobility 
calculated from the single carrier mobilities via: 
𝜇𝜇𝑚𝑚𝑒𝑒𝑒𝑒,𝑜𝑜𝑟𝑟𝑐𝑐𝑜𝑜 = 2𝜇𝜇𝑒𝑒𝜇𝜇ℎ𝜇𝜇𝑒𝑒+𝜇𝜇ℎ         (3.4) 
We have observe good agreement between the calculated μeff and the measured μeff, indicating 
that the electron and hole mobilities of the unipolar devices are also relevant for the performance 
of the bipolar solar cell device. Therefore, we can safely conclude that the extraction of 
photogenerated charge in the solar cell device is limited by the lower mobility – in this study, the 
hole mobility, which is very similar for all three 50% F systems. 
Table 3.3 Hole and electron mobilities as measured using SCLC. 
 
µℎ  
[10−4 cm2 V-1s-1] µ𝑚𝑚  [10−4 cm2 V-1s-1] µ𝑚𝑚𝑒𝑒𝑒𝑒,𝑜𝑜𝑟𝑟𝑐𝑐𝑜𝑜.  [10−4 cm2 V-1s-1] µ𝑚𝑚𝑒𝑒𝑒𝑒,𝑚𝑚𝑚𝑚𝑟𝑟𝑠𝑠 [10−4 cm2 V-1s-1] 
HTAZ 2 ± 0.4 -- -- -- 
FTAZ 22.2 ± 5.6 -- -- -- 
monoF 4.4 ± 0.4 12 ± 5 6.4 5.3 ± 0.7 
H:F 1:1 6.7 ± 1.7 18 ± 8 9.7 7 ± 2 
F50 3.0 ± 0.3 23 ± 7 5.3 5.5 ± 0.1 
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3.2.6 Morphology of Three 50% F blends 
Transmission electron microscopy (TEM) was used to investigate the morphology of these 50% 
F based BHJ blends. Specifically, the polymer:PC61BM BHJ blends were cast on Si substrates 
coated with un-annealed PEDOT:PSS using the same casting parameters used to fabricate the same 
BHJ blend based devices, yielding films of ~ 200 nm thickness. These BHJ blends were then 
floated onto TEM grids for measurement by dissolving the un-annealed PEDOT:PSS sacrificial 
layer. Both bright field images (zero loss) and sulfur maps generated from energy filtered TEM 
micrographs were acquired and are presented in Figure 3.5. 
Overall, the three 50% F based BHJ blends show morphology characteristic of most BHJ 
polymer solar cells. There are no significant differences in morphology discernable from these 
images.96 However, the rather large thickness of the device relevant films (~ 200 nm) may 
contribute to a lower quality image, since TEM is a transmission based technique. Therefore, 
thinner films (~ 100 nm) were also fabricated and characterized by TEM (see Appendix B2, 
Figure B16). Indeed, these thinner films were able to offer improved image quality but still show 
a similar morphology for all three 50% F based BHJ blends, verifying the conclusions reached 
from the device relevant thicknesses. 
The similar morphology for all three 50% F based BHJ blends, as seen from the TEM images, 
is especially interesting, since one might expect increased phase separation from the H:F 1:1 blend 
due to the ternary nature of the blend. However, as with these two binary BHJ blends (i.e., F50 
and monoF), no coarse, unfavorable, phase separation is apparent in the films of the H:F 1:1 based 
ternary blend. Given this observation, and our earlier discovery of similar morphologies features 
between HTAZ and FTAZ based binary blends (e.g., similar domain purity and miscibility with 
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PC61BM,54,60 we suggest that the miscibility of HTAZ and FTAZ is very high and plays a key role 
in their cooperative behavior. Indeed, if HTAZ and FTAZ were largely “miscible”, then these three 
50% F systems would be essentially identical HTAZ:PC61BM binary blends with the same amount 
of F atom incorporated (i.e., 50%F)! This observation would explain the similar device 
performance and device physics, as well as the similar morphology for these three 50% F systems. 
 
 
Figure 3.5. TEM images of the thick (~200 nm), device relevant films. Bright field (zero-loss) 
of a) H:F 1:1, b) monoF, and c) F50, and sulfur maps of d) H:F 1:1, e) monoF, and f) F50 generated 
from the standard three-window method. 
 
3.2.7 Performance of HTAZ:FTAZ Physical Blends 
If the physical blending of HTAZ and FTAZ were able to offer similar device performance to 
that of the corresponding random copolymer at similar fluorination level, as we have seen in the 
case of 50% F, then such physical blends at different ratios (e.g., 25%) would also perform 
similarly to their random copolymer counterparts. We therefore expanded our study to consider 
the physical blends of HTAZ and FTAZ at 1:3 and 3:1 ratios. 
The device performance of the physical blends at ratios of H:F 3:1 and H:F 1:3, together with 
1:1, HTAZ and FTAZ, is included in Appendix B2, Table B3. Indeed, the device performance of 
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the physical blends follows the same trend as the previously published H/FTAZ random 
copolymers: improved performance with increased fluorine.60 Specifically, the 𝐽𝐽𝑠𝑠𝑜𝑜of the 1:3, 1:1, 
and 3:1 blends lie between those of HTAZ and FTAZ, but this minute variation of 𝐽𝐽𝑠𝑠𝑜𝑜 cannot 
account for the continual increase in performance as the percentage of FTAZ in the physical blend 
increases. The 𝑉𝑉𝑜𝑜𝑜𝑜 also increases very slowly from 0.76 V from 0% FTAZ (i.e., HTAZ) to 0.81 V 
with 100% FTAZ, similar to what we observed for the H/FTAZ random copolymers. Most 
interestingly, the FF makes a marked improvement with increased percentage of FTAZ, which 
closely follows the overall improvement in PCE. This observation strikingly mirrors what was 
discovered in the previously investigated H/FTAZ random copolymers, where the FF was the main 
contributor to increased performance with increased fluorination. It is intriguing that we observe 
the same trend when physically mixing a fluorinated polymer (FTAZ) and a non-fluorinated 
polymer (HTAZ), rather than directly fluorinating the backbone. This observation also provides 
further evidence to suggest that HTAZ and FTAZ are “miscible.” 
In our previous study on the H/FTAZ based random copolymers, the monotonically increasing 
hole mobility with fluorination was identified as the sole cause to account for the continuously 
improved FF (and PCE). We then measured the hole mobilities of these physical blends via the 
SCLC method, and observed a similar behavior: the mobilities track well with the FF and the PCE, 
increasing as the percentage of FTAZ in the physical blend is increased (Figure 3.6). This 
observation demonstrates that it is possible to use a high mobility polymer (e.g., FTAZ) to improve 
the overall mobility of a ternary blend (e.g., HTAZ:FTAZ). More importantly, our discovery might 
offer an alternative strategy to improve the overall efficiency of polymer solar cells by enhancing 
the hole mobility via a physical blend. Many small band gap polymers suffer from relatively low 
mobility. For example, the high performing PTB7 has a relatively low mobility of 5.8 × 10-4 cm2 
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V-1 s-1, limiting the active layer thickness to ~100 nm.50 Such a thin layer seriously restricts the 
light absorption and the 𝐽𝐽𝑠𝑠𝑜𝑜, and also imposes technical difficulty on future roll-to-roll printed solar 
cells. We thus propose that it is possible to improve both the charge transport (i.e., high mobility) 
and extend the light absorption (i.e., a small band gap) by incorporating a medium to high band 
gap, high mobility polymer (such as FTAZ) into a ternary blend system with a low mobility, small 
band gap polymer. This, of course, assumes that the components form a favorable morphology. 
As previously discussed, it is likely that HTAZ and FTAZ are miscible, and form the favorable 
morphology necessary for beneficial cooperation.  
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Figure 3.6 Hole mobility and power conversion efficiency graphed vs the amount of fluorinated 
polymer in the physical blends. 
 
3.3 Conclusion 
In summary, we have compared three systems with equal amounts of fluorination (50%) 
achieved through different means. It is shown that all three systems – monoF, F50, and H:F 1:1 
physical blend, have similarly improved device performance over the non-fluorinated system in 
every respect. Generation of free charges is shown to be field independent in all three systems, 
which implies that the curvature of the J-V is determined by the extraction and recombination of 
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free charges. Transient (TDCF) and steady state (BACE) measurements prove that the 
recombination is bimolecular and the recombination coefficients vary only little between the 
systems. The similarity of the recombination mechanism in all systems is in agreement with the 
results from the analysis of the photovoltaic and electroluminescent external quantum efficiency 
spectra, which yielded very little differences of the CT properties among the three 50% F systems 
(i.e., random, regular, and physical blend). This important finding supports the picture that CT 
properties of organic donor-acceptor blends are indeed affected by longer range electrostatic 
interactions, and not simply determined by the properties of individual donor-acceptor pairs at the 
donor-acceptor interface.14,87 Effective mobilities determined with two independent methods 
(SCLC and BACE), and found to be very similar for the three systems. The almost identical values 
for the generation efficiency, the effective mobility and the bimolecular recombination coefficient 
explain why the fill factor (FF) varies so little among all three systems. 
The improved performance over the non-fluorinated systems stems largely from an improved 
hole mobility, leading to a higher fill factor of these polymers base devices. This improvement is 
especially noteworthy for the physical blend, where the likely miscibility of the two polymers 
allows for the improved performance. We believe that this mobility enhancement via a physical 
blend could be employed to improve a low mobility system with the addition of a high mobility 
component. Importantly, if these polymers also have complementary absorbance and similar 𝑉𝑉𝑜𝑜𝑜𝑜, 
increased 𝐽𝐽𝑠𝑠𝑜𝑜 and high 𝑉𝑉𝑜𝑜𝑜𝑜 may be obtained concurrently with the improved FF. This new approach 
would disentangle the synthetic restraints on the donor material, and open alternative routes to 
high performing polymer solar cells. 
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3.4. Experimental Section 
Photovoltaic Device Fabrication 
All devices were fabricated on indium tin oxide that was cleaned via sonication in deionized 
water, acetone, and isopropyl alcohol, then subjected to a UV-Ozone treatment for fifteen minutes. 
A ~50 nm layer of Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS; 
PH500 from Clevios, used as delivered) was filter through a 0.45 Poly(vinylidene fluoride) filter 
and spuncast at 2000 rpm and annealed at 130 ºC for 15 minutes. From this point all fabrication 
and characterization was carried out in a glovebox under nitrogen atmosphere. A solution of 
polymer(s):PC61BM 1:2 ratio by wt, at a concentration of 12 mg/mL of polymer, in 
trichlorobenzene was stirred at 130 ºC for 6 hrs. PC61BM was purchased from Nano-C and used 
as received. The active layer was then spuncast through a 1 or 5 um Poly(tetrafluoroethylene) filter 
at 400-800 rpm, to achieve a thickness of 200-250 nm. The film was immediately dried under 
vacuum (~5mm Hg) for 30 minutes. The dried film was then loaded into the evaporator, where 30 
nm of calcium was deposited via thermal evaporation, followed by 70 nm of aluminum, both at 3 
× 10-6 mbar. All photovoltaic devices were measured under AM 1.5G irradiation (100 mW/cm2, 
Oriel 91160, 300 W) calibrated using an NREL certified standard silicon cell, and recorded using 
a Keithley 2400 digital source meter. Reported values are the average of at least 6 devices with 
standard deviation. Thickness of the active layer was measured by an Alpha Step D-100 KLA -
Tencor profilometer.  
UV-Vis absorbance spectra were taken on a Shimadzu UV-2600 spectrophotometer of polymer 
films cast on glass at from a 12 mg/mL solution in TCB. 
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Space charge limited current (SCLC) Device Fabrication 
Devices with the structure ITO/PEDOT:PSS/Active Layer/MoO3(10 nm)/Al (70 nm) were 
fabricated for measuring hole mobilities. Devices with the structure ITO/ ethoxylated-
polyethylenimine (PEIE)/Active Layer/Ca (30 nm)/Al (70 nm) were fabricated for measuring 
electron mobilities. The active layer was cast and dried under the same conditions as was used for 
photovoltaic devices. For each set of devices, current was measured as a function of voltage in the 
dark from -1 to 5 V using a Keithley 2400 digital source meter. Mobilities were calculated using 
the Mott-Gurney Law as stated below: 
𝐽𝐽 = 9
8
𝜀𝜀𝑟𝑟𝜀𝜀0
𝑉𝑉2
𝑟𝑟3
µ       (3.5) 
where εr is the dielectric constant of the material (estimated to be about 3), ε0 is the permittivity 
of free space, d is the thickness of the film The mobility was found by fitting the J0.5 vs. V curve 
in the SCLC regime, taking into account the voltage drop and build in potential from the ITO, 
PEDOT:PSS/PEIE, and metal electrodes. 
Transmission Electron Microscopy Measurement 
The thicker films for Transmission Electron Microscopy (TEM) were cast under the same 
conditions used for the photovoltaic devices. Thinner films were cast by decreasing the 
concentration to 6 mg/mL of the polymer, and spuncoat at 700-900 rpm. The films were fabricated 
on Si wafers coated with 50 nm of unannealed PEDOT:PSS. 
TEM measurements were performed on a FEI Titan G2 at the Materials Characterization Lab of 
the Pennsylvania State University. Bright-field images, thickness maps, sulfur maps, and carbon 
maps were acquired. The standard three-window method was used to obtain elemental maps.97 
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TDCF and BACE Measurements 
Time delayed collection field (TDCF) and bias assisted charge extraction (BACE) were 
measured on devices fabricated under the same conditions used for the photovoltaic devices. 
TDCF: Pulsed excitation from a diode pumped, Q-switched Nd:YAG laser (NT242, EKSPLA) 
with 6 ns pulse duration and 500 Hz repetition rate was used to generate charges in the device. A 
pulse generator (Agilent 81150A) was used to apply the pre- and collection bias in combination 
with a home-built amplifier. The current through the samples was measured via a 50 Ω resistor 
and recorded with an oscilloscope (Yokogawa DL9140). The pulse generator was triggered with 
a fast photodiode (EOT, ET-2030TTL). 
BACE.36 The same setup as for TDCF is used, except for the illumination conditions. Here the 
devices were illuminated with a high power 1W, 445 nm laser diode (insaneware) with a switch 
of time of about 10 ns. The LED was operated at 500 Hz with a duty cycle of 90% of one period. 
This realized 1.8 ms of illumination before the diode was switched off for 200 µs. By this 
measurement, routine steady state conditions were established. After switching the light off the 
voltage at the sample was reversed and all charges were extracted. The extraction voltage was set 
to −3 V to ensure extraction of all charges in the device. 
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CHAPTER 4 
EXPLORING ROUTES TO HIGH EFFICIENCY TERNARY BLENDS 
4.1 Introduction 
The potential for ternary blends to outperform their binary counterparts has been clearly 
demonstrated.27,28 In the previous chapters, we have shown that a compatible polymer backbone 
is key to achieving the tunable Voc of a working PBHJ. We have also shown that a high mobility, 
fluorinated polymer can improve the FF when added to a blend, presuming that the polymers are 
compatible. In the case of the HTAZ:FTAZ blend, however, there was no improvement in Jsc, 
since HTAZ and FTAZ have overlapping absorbance.  In order to truly see a high performing 
ternary blend, polymers must be combined that have a common backbone moiety, compatible 
morphologies, complementary absorbance, and ideally at least one must have high mobility, so 
as to improve FF.  Indeed, some extensive modelling by Felekidis et al. has demonstrated that in 
order to truly outperform binary blends consistently, a ternary blend will need to be accompanied 
by improved FF, as well as improved Jsc and tunable Voc.36 Additionally, in order to be 
industrially relevant, thicker films must be employed.  When using a thick film, the hole mobility 
becomes an even bigger factor in device performance, since free charge carriers must travel 
farther prior to extraction.  Previous PBHJs have had thickness of around 100 nm.28 With these 
considerations in mind, we began investigating ternary blends from a series of triazole based 
polymers recently introduced by our group.13  By mixing and matching these polymers, we hope 
to achieve a high performance ternary blend where we see improved Jsc due to complementary 
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absorbance, tunable Voc due to compatible backbones, and improved FF from the addition of a 
high mobility polymer.  
 As demonstrated in our previous study, it is possible to improve the FF of a low performing 
polymer by adding a second polymer with high mobility.98 However, in that previous study, the 
blend was limited by the overlapping absorbance between HTAZ and FTAZ (both have 
bandgaps of ~2 eV). In this study, we instead paired FTAZ with monoCNTAZ (bandgap 1.7 eV). 
The similarities of the backbone (a common BnDT unit, a similar triazole unit with either a 
fluorine or a cyano group to function as electron withdrawing) lead us to expect that these 
polymers will be compatible in the same way that HTAZ and FTAZ were.   
In addition to the physical ternary blends we have also synthesized the random terpolymer 
based on FTAZ, and monoCNTAZ.  This is similar to the previous study where a physical blend 
of HTAZ:FTAZ was compared to the randomly polymerized terpolymer of the two, and found to 
have similar performance.68,98  However HTAZ and FTAZ have incredibly similar backbones, 
and demonstrated high compatibility.  FTAZ and monoCNTAZ have greater differences in the 
backbone structure, and are less likely to be compatible, which makes this an appropriate system 
for comparison to our previously characterized system.  
MonoCNTAZ is a high-performing polymer recently synthesized in our lab, by similar 
means as was used for the triazole derivatives previously reported.13 MonoCNTAZ has a strong 
tendency to aggregate in solution, and only by using a high boiling point solvent 
(trichlorobenzene), high temperatures, low concentrations, and working very quickly, is it 
possible to deposit a film before high viscosity makes it unprocessible.  However, with the 
addition of FTAZ, the blend became much easier to work with, highlighting a previously 
unexplored benefit of ternary blends. MonoCNTAZ has a higher current, and Voc.  FTAZ offers 
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a high FF even with particularly thick films due to its relatively high mobility, as thoroughly 
demonstrated in previous studies.12,60 By combining them, we hope to show simultaneously 
improved Jsc and FF, with minimal trade off in Voc, while gaining the ease of processibility.  
4.2 Results and Discussion 
4.2.1 Structure of the Polymers 
 The structure and properties of the polymers are shown in Figure 4.1. The HOMO levels are 
offset due to the changes in the backbone, and were estimated from cyclic voltammetry 
(Appendix C1, Figure C1).   This offset is what leads to the different Vocs when paired with 
PC61BM.  The bandgaps are calculated from the neat polymer UV-Vis (Figure 4.2), and are also 
offset. Thus adding monoCNTAZ to FTAZ should extend the absorbance and improve the Jsc.  
This is a marked improvement from HTAZ and FTAZ, which have completely overlapping 
spectra.  
 
Figure 4.1 Structure and properties of FTAZ and monoCNTAZ. 
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Figure 4.2 UV-Vis spectra for FTAZ and monoCNTAZ as measured on a film cast from TCB 
onto glass substrates. 
 
4.2.2 UV-Vis of the Blends 
UV-Vis was measured for the PBHJ blends at weight ratios of monoCNTAZ:FTAZ 9:1, 7:3, 
1:1, 3:7, and 1:9, as well as the copolymers of 9:1, 1:1, and 1:9 and are shown in Figure 4.3, 
organized by ratio.  Additionally, we calculated the expected spectra using the weighted averages 
of monoCNTAZ and FTAZ for each ratio.  For the 9:1 blend, there is good agreement between 
the PBHJ, the copolymer, and the calculated absorbance. There is a small increase in aggregation 
with the copolymer, which may stem from the increased ease in processibility. The 7:3 PBHJ 
shows fewer peaks, and therefore less aggregation, than any of the other blends, but comparison 
to the calculated spectrum indicates that this is not due to a lack of aggregation, but to the way 
the summing of the contributions from monoCNTAZ and FTAZ smooths out the curve.  The 1:1 
blend is unique in that while the PBHJ and calculated values do match well, the copolymer 
shows markedly less aggregation.  This has been shown previously in similar systems,68 and is 
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likely due to the randomness of the polymerization creating structural irregularities in the 
backbone which limit π-π stacking.  The 3:7 and 1:9 ratios both agree well with their 
calculations.  In summation, for most of the blends, the absorbance spectra behave as expected: 
the weighted averaged of the parent polymers, for both PBHJs and copolymers.  The only 
exception is the 1:1 ratio, where the copolymer shows much less aggregation than the PBHJ or 
calculated spectrum.  This is likely due to increased irregularities in the backbone due to the 
random nature of the polymerization.68  
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Figure 4.3 UV-Vis spectra for the monoCNTAZ:FTAZ blends measured from devices. 
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4.2.3 Device Performance  
All devices were fabricated in a conventional structure: ITO/CuSCN/Active Layer/Ca/Al. 
Copper thiocyanate (CuSCN) was used as a hole transport layer (HTL) due to its deep lying 
HOMO level, which makes it preferable for monoCNTAZ.13,99  With FTAZ, however, this leads 
to slightly lower performance when compared to the previously published devices fabricated 
with PEDOT:PSS as the HTL.12  Devices were spuncast from hot TCB at such concentrations (7-
12 mg/mL) and spinspeeds (350 – 800 rpm) as would result in the desired thicknesses  The 
polymer(s) were combined with PC61BM at a ratio of polymer(s):PC61BM 1:2.  
As previously mentioned, it has been argued that to see the greatest improvement in ternary 
blends vs. the binary blends, the ternary blends will need to be thicker than the typical 100 
nm.23,36 So for this study, we have chosen to compare two thicknesses: ~200 nm, and greater 
than 300 nm.  
The performance for FTAZ is slightly below previously published values (11.7 mA/cm2, 
0.811 V, 70.7 %, leading to 6.7 % PCE). This difference likely stems from batch to batch 
variation, but is still within typical performance. At 300 nm, the Jsc increases due to increased 
absorbance length and the FF drops off slightly due to increase extraction difference, as 
expected.  The monoCNTAZ is a high performing polymer with an especially high Voc: 13.3 
mA/cm2, 0.935 V, 68.9 %, leading to 8.57 % PCE. At higher thicknesses, the Jsc increases and 
FF drops off, in a manner similar to that of FTAZ. 
Short Circuit Current of the Blends 
Generally, the Jsc trends as might be expected: with less of the low-band gap polymer, the Jsc 
drops. The Jsc of the 300 nm devices are slightly higher, which is expected given the increased 
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absorbance with increased thicknesses. The most notable trend is that at 200 nm, the Jsc of the 
copolymers is lower than that of the PBHJs for the 1:9, 1:1, and 9:1 ratios.  In the case of the 1:1 
copolymer, it is significantly lower.  This might be a result of the decrease in aggregation that 
was evidenced in the UV-Vis spectra.  Additionally, as will be discussed later, the 9:1 physical 
blend sees a significant drop in Jsc for the 300 nm films.  
 
Figure 4.4 Short circuit current as a function of percent FTAZ in the blend for multiple 
thicknesses. Open markers represent the copolymers. 
 
Open Circuit Voltage of the Blends 
The key hallmark of a working PBHJ is the composition dependent Voc.  As discussed in 
Chapter 2, many polymer pairings show pinned or even degraded Voc when combined in a 
ternary blend. However, the Vocs of the monoCNTAZ and FTAZ blends have an almost linear 
trend in Voc with composition. It varies only a little with thickness, favoring the thinner films 
when there is a difference, likely due to decreased effects from recombination.  However, while 
the 1:1 copolymer was a low-lying outlier in Jsc, here it remarkably outperforms its PBHJ 
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counterpart. This likely stems from the increase in the energy of the charge transfer state, which 
will be explored later.  
 
Figure 4.5 Open circuit voltage as a function of percent FTAZ in the blend for multiple 
thicknesses. Open markers represent the copolymers. 
 
Fill Factor of the Blends 
Given that the FF of the parent blends are fairly similar, the FFs of the PBHJs and 
copolymers are largely invariant. The 9:1 PBHJ and copolymer both show a similar dip in FF for 
300 nm.  It’s possible that at such low loadings, it is not possible for the FTAZ to form a 
percolation network through a 300 nm thick film, and thus limits charge transport instead of 
aiding it. This may also account for the lower Jsc at these ratios. 
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Figure 4.6 Fill factor as a function of percent FTAZ in the blend for multiple thicknesses. Open 
markers represent the copolymers. 
 
Power Conversion Efficiency 
PCE trends with composition in a way that matches a compatible, but not high-performing 
PBHJ. Unfortunately, monoCNTAZ remains the highest performing device overall.  At no ratio 
do the PBHJs or copolymers outperform the monoCNTAZ binary blend. Despite the drastic 
differences in Jsc, and Voc, the copolymers match well with the PBHJs in overall performance, 
since they underperform in Jsc and exceed in Voc.  The trend holds regardless of the thickness 
employed. In order to see an overall increase in PCE, a greater improvement in Jsc is required.  
(A full table of the device performance is included in the Appendix C, Table C1.) 
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Figure 4.7 Power conversion efficiency as a function of percent FTAZ in the blend for multiple 
thicknesses. Open markers represent the copolymers. 
 
External Quantum Efficiency 
The external quantum efficiency of the blends was also measured. The contribution from 
monoCNTAZ can be seen growing in from 650-720 nm with increasing concentrations in the 
PBHJ, and in the copolymers.  The data for FTAZ and the 1:1 copolymer were taken under not-
ideal set up conditions (and should be remeasured), which is why the absolute EQE values are 
lower, but the onset of current generation is still accurate.  
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Figure 4.8 EQE of all of FTAZ, monoCNTAZ, the PBHJs and the copolymers. 
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 4.2.4 Energy of the CT State 
Given that Voc is controlled by the CT state, and it has been well document that the CT 
energy of a ternary blend can give much insight into the energetics of a working PBHJ,29,36,38 the 
CT energy was measured using sensitive EQE from below the bandgap.  These curves were then 
fitted to extract the energy of the CT state (ECT) (Figure 4.9, sample curves are given in 
Appendix C, Figure C1). The ECTs of the PBHJs do change with composition, but begin to level 
out with as the percentage of FTAZ in the blend increases. Such sublinear behavior has been 
seen in PBHJs before.35,36  Models for the filling of the density of states suggest that the greater 
the difference in HOMO level between the polymers, the more pronounced the curvature of this 
line.36 The copolymers show do not exhibit this sublinear behavior, but rather have higher ECT 
than the PBHJs, especially for the 1:1 copolymer. This explains the observed trend in Voc as 
well, since CT energies have been inextricably linked to the Voc.86  
 
Figure 4.9 ECT as a function of % FTAZ for the PBHJs and the copolymers. 
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4.2.5 PyCNTAZ:monoCNTAZ Devices 
 
Figure 4.10 Structure of PyCNTAZ with the UV-Vis spectra of PyCNTAZ and monoCNTAZ 
based devices. 
 
A major factor limiting the FTAZ:monoCNTAZ blend is that the Voc of FTAZ is much lower 
than monoCNTAZ.  Additionally, since both polymers exhibit similar hole mobilities, it is 
unlikely we would see a strong increase in FF for the ternary blend.  PyCNTAZ is a high 
performing (8.37%) polymer recently synthesized in our lab (Figure 4.10).13   However, it 
suffers from low mobility (7x10-4 cm2 V–1 s–1) limiting its FF in thick devices (62%). This makes 
it a prime candidate for a ternary blend with a high mobility polymer.  We paired it with 
monoCNTAZ, since the trade-off in Voc would be much smaller compared to FTAZ. However, 
monoCNTAZ and PyCNTAZ have the same bandgap (~1.85 eV) (Figure 4.10), so we will not 
see extended absorbance.  The results from this device run are presented in Table 4.2. Ideally, 
these should be compared at 300 nm, i.e., thick films suitable for roll-to-roll processing where 
monoCNTAZ 
 
PyCNTAZ 
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the FF of PyCNTAZ falls off, but our initial results are at a thickness of 200 nm. Future work 
will feature thicker films.   
Table 4.1 Device performance of 200 nm thick PyCNTAZ:monoCNTAZ ternary blends.  
Polymer Thickness 
(nm) 
Jsc 
 (mA/cm2) 
Voc  
(V) 
FF  
 (%) 
PCE 
(mW/cm2) 
PyCNTAZ 192 13.43 ±0.18 0.968 ±0.001 63.2 ±0.5 8.22 ±0.13 
Py:mC 3:1 206 13.74 ±0.18 0.947 ±0.002 64.2 ±0.9 8.37 ±0.23 
Py:mC 1:1 206 12.91 ±0.14 0.937 ±0.001 64.5 ±0.7 7.80 ±0.07 
Py:mC 1:3 174 13.08 ±0.24 0.938 ±0.001 69.5 ±1.3 8.52 ±0.21 
monoCNTAZ 193 13.9 ±0.18 0.921 ±0.001 66.7 ±2.3 8.53 ±0.37 
 
Looking at the over-all trend in performance, it is clear that these polymers form a 
compatible PBHJ.  Since both polymers have relatively high efficiency in their binary blends, 
when combined they maintain that efficiency.  In an ideal PBHJ, not only is high efficiency 
maintained, but the polymers complement each other to the degree that there is a boost in the 
overall efficiency.  Here we do not see this final boost, but the polymers are in general behaving 
as expected. We are able to retain the relatively high Jsc in the 3:1 ternary blend, but then it drops 
off slightly for the 1:1 and 1:3 blends. The Voc does show the linear dependence we expect with a 
working PBHJ, but since the Voc values of the binary blends are high, this does not affect the 
overall PCE too greatly.  The FF is highest for the 1:3 blend, which compensates for the drop in 
Jsc, leading to similar PCE for all of the blends but the 1:1 blend.  The 1:1 blend is the worst 
performing, since FF is not much improved and Jsc shows the highest drop.  Further study of 
these blends is required to determine how charge transport might be affected in these PBHJs, and 
81 
 
whether further optimization of thickness and processing conditions can improve the ternary 
blends over the binary.  
4.2.6 PyCNTAZ: 4’FT-FTAZ 
Despite the lack of strong improvement in the PBHJs for the monoCNTAZ:FTAZ blends, we 
remained convinced that combining a high mobility polymer with a mobility limited polymer 
would improve the FF in a ternary blend.  Additionally, we sought to improve on this blend by 
matching two polymers with higher Voc values, since FTAZ has a relatively low Voc (0.82 V). So 
following the same design principles, we matched PyCNTAZ with an analogue of FTAZ: 4’FT-
FTAZ (Figure 4.11).  
The device performance is summarized in Table 4.2. The Jsc of the ternary blends is 
immediately improved with the addition of PyCNTAZ. The Voc shows the tunability of a PBHJ, 
demonstrating that these polymers are compatible.  Additionally, the FF shows a slight increase 
to ~64% in the ternary blends, which shows the positive effect of adding 4’FT-FTAZ.  However, 
the increase in FF is offset by the decrease in Voc, leading to similar PCE’s for all of the blends, 
although the PBHJs do exceed the performance of 4’FT-FTAZ and match the PyCNTAZ 
performance.  
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Figure 4.11 The structure of 4’FT-FTAZ and UV-Vis spectra of 4’FT-FTAZ, PyCNTAZ and 
their ternary blend devices.  
 
Table 4.2 Device performance for the 200 nm thick PyCNTAZ:4’FT-FTAZ blends 
Polymer Thickness Jsc (mA/cm2) Voc (V) FF  (%) PCE 
(mW/cm2) 
PyCNTAZ 198 ±15 11.94 ±0.20 0.962 ±0.005 61.3 ±1.8 7.05 ±0.13 
 
P:F 3:1 186±15 11.42 ±0.21 0.944 ±0.003 64.2 ±1.8 6.93 ±0.21 
 
P:F 1:1 165 ±7 11.76 ±0.23 0.939 ±0.001 63.9 ±1.8 7.06 ±0.29 
 
P:F 1:3 222 ±10 11.74 ±0.44 0.916 ±0.015 63.1 ±1.3 6.79 ±0.35 
 
4’FT-FTAZ 196 ±11 10.44 ±0.39 0.915 ±0.004 66.6 ±5.3 6.35 ±0.50 
 
 
The slight increase in FF was an encouraging observation, since we were hoping that the 
addition of 4’FT-FTAZ would improve the mobility of the PBHJs, which is most likely to show 
up in improved FF.  Additionally, this improved mobility is likely to be more important in 
thicker films (>300 nm), which have yet to fabricated.  We therefore measured the hole mobility 
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of the blends using the SCLC method (Figure 4.12).  Unfortunately, there is no increase in the 
measured mobility with the addition of 4’FT-FTAZ, but rather the blends have very similar 
mobility to PyCNTAZ.  Therefore, we did not pursue thicker devices for this ternary blend.  
 
Figure 4.12 The mobility as measured by SCLC for 4’FT-FTAZ, PyCNTAZ, and the blends, all 
with PC61BM. 
 
4.3 Conclusions & Future Work 
We have successfully employed the previously outlined guidelines (mainly the necessity of a 
compatible backbone) to create three working PBHJ blends: monoCNTAZ:FTAZ, 
PyCNTAZ:monoCNTAZ, and PyCNTAZ:4’FT-FTAZ.  Each of these blends exhibits the 
tunable Voc which is a key hallmark of a PBHJ.  For the monoCNTAZ:FTAZ and 
monoCNTAZ:PyCNTAZ blend we also saw improved FF, likely due to the high mobility 
polymer. The monoCNTAZ:FTAZ blend  was limited by the low Voc from FTAZ, a limitation 
that was overcome by replacing FTAZ with PyCNTAZ. Despite the high Voc values in the  
PyCNTAZ:monoCNTAZ blends, they are limited by their similar bandgaps.  PyCNTAZ:4’FT-
0
0.5
1
1.5
2
2.5
0 25 50 75 100
M
ob
ilit
y 
(E
-3
 c
m
2
V-
1
s-
1 )
% 4'FT-FTAZ
84 
 
FTAZ both show high Voc, and do not have overlapping absorbances.  Additionally, 4’FT-FTAZ 
has a relatively high mobility, while PyCNTAZ has a relatively low mobility.  Blending these 
two polymers did result in a relatively high Voc, good Jsc, and improved FF, but the improved FF 
did not correlated with improved hole mobility. 
Interestingly, the copolymer of monoCNTAZ:FTAZ did not show the same behavior as the 
PBHJ of monoCNTAZ:FTAZ.  This is markedly different than the HTAZ:FTAZ study which we 
were building on, where the copolymer and PBHJ exhibited almost identical characteristics.  
This suggests that the comparisons between copolymer and PBHJ are not straightforward, and a 
change to the backbone (i.e., the addition of a cyano group) can complicated the comparisons.   
For the PyCNTAZ:monoCNTAZ blend, it may be possible to improve the performance 
compared to the binary blends by increasing the thickness of the devices. Measuring SCLC to 
verifying that the increase in FF is matched by an increase in hole mobility would be a first step 
in investigating this blend further. Additionally, PyCNTAZ:4’FT-FTAZ was a promising 
alternative blend, mixing the high mobility fluorinated polymer with the strong absorber 
(PyCNTAZ).  But no increase in mobility was observed when 4’FT-FTAZ was blended into 
PyCNTAZ. 
While this study has focused on blends with greater than 25% ratios, using a small amount of 
a polymer as a sensitizer has proved successful in the past.25  DiCNTAZ (which has two cyano 
groups instead of one), has been previously reported as a polymer with a Voc greater than 1 V.13 
However, it also suffers from low Jsc and hole mobility.  However, added to monoCNTAZ in 
small ratios (<25%), it may serve to improve the Voc, while monoCNTAZ can serve has a high 
mobility highway for generated charges. At higher concentrations, it is likely that the high Voc of 
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diCNTAZ would be offset by a drop in Jsc, but device performance must be investigated to 
confirm this speculation. 
4.4 Experimental Section 
The monomers BnDT, FTAZ, and PyCNTAZ were synthesized as previously reported.12,13 
4’FT-FTAZ and monoCNTAZ were newly synthesized for this study and that procedure is shown 
in the Appendix C.  UV-Vis spectra were measured on glass for the neat polymer films, or on 
ITO/CuSCN for the devices using a Shimadzu UV-2600 spectrophotometer. Cycliv voltametrey 
was carried out as described in Chapter 3.  
Device Fabrication 
Device fabrication began by cleaning indium tin oxide subtrates by sonicating in deionzied 
water, acetone, and isopropyl alcohol, then subjecting them to UV-Ozone treatement for fifteen 
minutes.  CuSCN dissolved in diethylsulfide was spuncast at 7000 rpm to create a 50 nm film and 
annealed at 100 ºC for 10 minutes.  All subsequent steps were carried out under nitrogen 
atmosphere. The active layer was spuncast from solutions of polymer(s):PC61BM (1:2) in 
trichlorobenzene, which were heated for 6 hours at 130 ºC. The PC61BM was purchased from 
Nano-C and used as received. The active layer was then deposited through a 1 um 
poly(tetrafluoroethylene) filter and spun to achieve the desired film thickness. Films were 
immediately dried under vacuum for twenty minutes. As a top electrode, 30 nm of calcium was 
deposited via thermal evaporation, followed by 70 nm of aluminum, both at 3 × 10-6 mbar. All 
photovoltaic devices were measured under AM 1.5G irradiation (100 mW/cm2, Oriel 91160, 300 
W) calibrated using an NREL certified standard silicon cell, and recorded using a Keithley 2400 
digital source meter. Reported values are the average of at least 6 devices with standard deviation. 
Thickness of the active layer was measured by an Alpha Step D-100 KLA -Tencor profilometer.  
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CHAPTER 5 
CONCLUSIONS AND FUTURE WORK 
 
5.1 The Importance of This Work 
OPVs sit on the cusp of industrial relevance. Through many collaborative efforts efficiencies 
have steadily climbed and recently reached over 12 %.4 However, to make the final push in 
efficiency and stability, we must find ways to circumvent the inherent limitations of organic 
materials.  Ternary blends offer one such solution.  By combining materials with complementary 
absorbance, they overcome one of the weaknesses of organic materials (the narrow absorption 
window) by playing to their strengths (synthetic variability). Additionally, ternary blends can 
deconvolute the synthetic process: instead of fitting every ideal characteristic (bandgap, HOMO 
level, mobility, morphology) into one material, several materials can play key roles together. In 
order to realize this goal, careful materials selection is required.  Understanding how donor pairs 
interact, and what leads to improved performance has been the focus of this dissertation.  
5.1.1 The Importance of Backbone Structure in Ternary Blends 
The polymers in a PBHJ must not only not-sabotage each other but ideally will also aid each 
other in reaching peak efficiency.  Therefore, picking compatible polymer pairs is key to a 
working PBHJ. We chose to start from a working polymer pair previously published (PBnDT-
DTBT:PBnDT-HTAZ) and synthesize two new polymers by switching the BnDT moieties for 
NDT. We hypothesized that since many working PBHJs were made from polymers with a shared 
moiety it was necessary for the pairs to share a moiety.  Interestingly, not only do the polymers 
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need a common moiety, but it must be the donor moiety. Despite this revelation, the 
characterization of the blends was difficult to elucidate, and no further trends in surface energy, 
morphology, or CT state were unearthed for working vs. non-working blends.  
5.1.2 Improving FF: PBHJ vs. Copolymer 
After showing the importance of a compatible backbone, we investigated the difference 
between a physical blend and a chemical blend. Using HTAZ and FTAZ, a well-studied pair of 
polymers differing only in fluorination, we compared a 1:1 physical blend, a randomly 
fluorinated copolymer, and a regularly fluorinated copolymer, all with the same degree of 
fluorination.  We demonstrated that since HTAZ and FTAZ are compatible (sharing a common 
donor moiety, and very similar morphological features), all three systems exhibited the same 
characteristics in efficiency, morphology, charge generation, and charge transport. It was 
especially surprising that the physical blend performed the same as chemical blend, given the 
complexity of mixing polymers. In other systems there were noted differences between the 
PBHJ, random, and regular copolymer.68 Most promisingly, we were able to improve hole 
mobility (and therefore fill factor) simply by adding a high mobility polymer into the ternary 
blend. This suggested a new method of enhancement in ternary blends.  
5.1.3 Towards High Performance Ternary Blends 
Armed with the knowledge that a complementary backbone is necessary for a working PBHJ 
and that it is possible (using compatible polymers) to improve FF by adding a high mobility 
polymer, we investigated several ternary blends utilizing high-performing polymers. We picked 
a series of polymers sharing the BnDT donor moiety and a triazole based acceptor moiety to 
serve as a palate: PyCNTAZ, monoCNTAZ, FTAZ, and diCNTAZ. In each case, the pairings 
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showed compatible “averaged” behavior, agreeing with the guidelines gleaned from the 
preceding studies.  However, none of the blends showed the desired enhanced behavior under 
their current fabrication conditions. (Individual optimization of the blend may yield better 
efficiencies, and is slated future work for this project.) We also had the opportunity to compare 
the physical blend of monoCNTAZ:FTAZ to the random copolymer at similar ratios.  
Interestingly, this blend showed a marked difference between PBHJ and copolymer, unlike the 
HTAZ:FTAZ system. This highlights that small changes (a cyano group instead of a fluorine 
atom) to a system can created significant difference in the behavior of the blend.  
5.2 Future Directions for Ternary Blends 
5.2.1 Ternary blends with Three Absorbers 
The ternary blends in this work have focused on using PC61BM as the acceptor given its 
ubiquity in the field.  However, in recent years non-fullerene acceptors (NFA) have gained 
traction and even overtaken their fullerene counterparts.100 One of the main attractions of NFAs 
is their ability to absorb light and generate current.  Fullerenes typically absorb little light and 
generate very little current. NFAs, on the other hand, can be synthesized with bandgaps that 
compliment a variety of donor materials. NFAs have already been combined in ternary blends 
with a fullerene and donor polymer, achieving an efficiency of ~12%.4 A ternary blend which 
can utilize three light absorbing materials (NFA and two donors, or two NFAs and a donor) is a 
promising next step for PBHJ solar cells.  
5.2.2 Focusing on Morphology 
However, ternary blends have the ability to effect OPVs beyond extended absorption. The 
morphology of OPVs has been the focus of the field since its inception with the introduction of 
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the BHJ. Characterizing, understanding, and recreating the ideal morphology has been a difficult 
and ongoing process. While it has been shown that adding a third component to the blend can 
improve morphology,24 there has been little concerted effort to target this phenomenon. Felekidis 
et al. suggested (based on extensive modeling) that without thicker films with better charge 
transport, ternary blends would not outshine the fully optimized binary blends.36 Adding an inert 
material which encourages favorable domain formation could improve charge transport, allowing 
thicker films for roll-to-roll processing. Understanding, optimizing, and even targeting the 
improved morphology of ternary blends will likely be necessary before such devices can be 
industrially relevant. 
5.3 Final Thoughts 
If this dissertation has illustrated anything it is the complexity of ternary blends, a complexity 
which leads to difficulty in delineating overarching guidelines for materials selection.  In Chapter 
2, we demonstrated that for a specific system, PBHJs require a common donor moiety, but not 
only were we unable to find a clear underlying cause for this, but there have also been literature 
reports of working PBHJs without a common donor moiety.27,101 In Chapter 3, we demonstrated 
a ternary blend system where the PBHJ exhibited the same behavior as the random copolymer of 
the constituting moieties.  But in Chapter 4, we present a very similar system where the PBHJ 
and random copolymer have differing performances.  
While this dissertation and the literature have offered some insight into what types of things 
may be important for materials selection (common backbone structure, similar surface energy, 
carefully engineered energy levels), the path to a working PBHJ ultimately still requires a great 
deal of empirical analysis.  This is especially true when comparing an “averaged behavior,” 
compatible PBHJ to one which exceeds the performance of the binary blends. But given the well 
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document benefits of ternary blends, they remain worth pursuing.4,34 While, ternary blends may 
prove to be an important step in achieving high efficiencies, overcoming issues with stability and 
making the complete transition to roll-to-roll processing are still in front of us.  Even so, given 
the impressive progress of the last twenty-five years, the future is bright for organic 
photovoltaics. 
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APPENDIX A: CHAPTER 2 
A1. Synthesis of PNDT-HTAZ 
Scheme  A1. Synthesis of PNDT-HTAZ 
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The synthesis of P(NDT-HTAZ) followed the typical Stille-coupling based polymerization 
procedure: a dry 10 mL vials was charged with monomers (ditin-NDT 0.093 mmol and dibr 
HTAZ 0.093 mmol) and catalyst (Pd2dba3∙CHCl3 0.0019 mmol) and ligand (P(o-tol)3, 0.0148 
mmol). The mixture was put under vacuum and refilled with argon for three times. Dry o-xylene 
(0.7 mL) was added under argon stream. The polymerization was run in microwave reactor at 
200oC for 10 minutes. The polymers were dissolved in hot chlorobenzene and precipitated into 
stirring methanol. The polymers were collected into thimble and extracted with ethylacetate, 
hexanes and chloroform. The chloroform part was collected, and the solvent was removed via 
rot-vap. The polymer was redissolved into hot chloroform and precipitated into methanol. The 
polymer was filtered, collected and dried under vacuum. Yield, 66.9 mg, 79.4%. 
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A.2 UV-Vis of NDT and BnDT Based Ternary Blends 
 
 
Figure A1. UV-Vis spectra of the BD:BH BHJ and the ND:BH neat polymer blend 
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Figure A2. UV-Vis Spectra of the BD:NH and BH:NH BHJs 
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A3. Visual microscopy working and nonworking PBHJ 
 
Figure A3. Visual light microscopy of the BD:BH and BD:ND blends at 10x  
BD:BH 10x 
BD:ND 10x 
96 
 
A4. Supplemental STXM Results 
 
Figure A4. STXM composite analysis for the binary blends of each polymer 
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Figure A5. STXM line scans for the 1:3 ratios of the BD:X blends.  
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APPENDIX B: CHAPTER 3 
B1. Synthesis of monoFTAZ 
All chemicals were purchased from commercial resources (Aldrich, Acros, Fisher Scientific, 
and Matrix) and used as received. Microwave assisted polymerizations were conducted in a 
CEM Discover Benchmate microwave reactor. Gel permeation chromatography (GPC) 
measurements were performed on a Polymer Laboratories PL-GPC 220 instrument, using 1,2,4-
trichlorobenzene as the eluent (stabilized with 125 ppm BHT) at 150 °C. The obtained molecular 
weight is relative to the polystyrene standard. 1H and 13C nuclear magnetic resonance (NMR) 
measurements were recorded with Bruker 400 MHz and 500 MHz DRX spectrometers. Mass 
spectrometry samples were analyzed with a hybrid LTQ FT (ICR 7T) (ThermoFisher, Bremen, 
Germany) mass spectrometer, and data was analyzed with Xcalibur (ThermoFisher, Breman, 
Germany). 
Scheme  B1. Synthesis of monoFTAZ 
 
 
 
5-fluoro-1H-benzo[d][1,2,3]triazole (chemical 2) To the solution of 4-fluorobenzene-1,2-diamine 
(0.63 g, 5.0 mmol) in 10 mL acetic acid and 4 mL water, the solution of sodium nitrite (0.57 g, 
8.25 mmol) in 3 mL H2O was added at 0°C. The mixture was stirred at room temperature for 30 
min. 2.5 mL HCl (12 M) solution was added. The mixture was poured to mixture of ethyl acetate 
and brine (1:1) and was extracted with ethyl acetate. Organic layer was washed with water (×2) 
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and brine (×1). The organic layer was dried over magnesium sulfate and concentrated via rot-vap. 
White solid was obtained and was used without further purification. Yield: 0.62 g, 4.5 mmol, 
91.0%. 1H NMR (500 MHz, MeOD, δ): 7.95 (dd, 1H, JHF = 4.50 Hz, JHH = 9.05 Hz), 9.55 (dd, 1H, 
JHF = 8.35 Hz, JHH = 1.95 Hz), 7.25 (m, 1H, JHF = JHH = 9.05 Hz, JHH = 2. 25 Hz); 19F NMR (376 
MHz, MeOD, δ): -116. 43; 13C NMR (101 MHz, MeOD, δ): 163.97, 161.55, 131.08, 128.82, 
128.43, 116.56, 116.29, 112.71. 
2-(2-butyloctyl)-5-fluoro-2H-benzo[d][1,2,3]triazole (chemical 3) Chemical 2 (4.2 g, 30.6 
mmol) and anhydrous potassium carbonate (8.45 g, 61.2 mmol) was mixed into DMF, and 5-
(bromomethyl)undecane ( 8.39 g, 33.7 mmol) was added. The mixture was stirred at r.t. 
overnight. Then the reaction mixture was poured into water and extracted with ethyl acetate for 3 
times. The organic layer was washed with water (×2) and brine (×1) and dried over magnesium 
sulfate. The solvent was removed via rot-vap. And the crude product was purified via silica 
column with hexanes : dichloromethane = 1 : 1 as eluent. Colorless oil was obtained. Yield: 5.73 
g, 18. 76 mmol, 61.3%. 1H NMR (400 MHz, CDCl3, δ): 7.84 (dd, 1H, JHF = 5.20 Hz, JH-H = 9.20 
Hz), 7.46 ( dd, 1H, JHF = 8.80 Hz, JHH = 2.40 Hz), 7.18 (m, 1H, JHF = JHH = 9.20 Hz, JHH = 2. 40 
Hz), 4.59 (d, 2H, J = 5.1 Hz), 2.25 (m, 1H), 1.50 - 1.20 (m, 16H), 0.86 (m, 6H); 19F (376 MHz, 
CDCl3, δ): -113.83; 13C NMR (126 MHz, CDCl3, δ): 162.22, 160.27, 144.33, 144.22, 141.51, 
119.82, 119.73, 117.74, 117.51, 101.77, 77.45, 77.19, 76.94, 60.64, 39.34, 31.88, 31.52, 31.21, 
29.61, 28.59, 25.35, 23.03, 22.76, 14.24, 14.15. 
4,7-dibromo-2-(2-butyloctyl)-5-fluoro-2H-benzo[d][1,2,3]triazole (chemical 4) Chemical 3 (2.53 
g, 5.00 mmol), bromine (1.00 mL) and 62 wt% HBr (5 mL) was refluxed overnight. Two another 
1.0 mL and 0.5 mL bromine at were added to the reaction, and after each addition of bromine the 
reaction mixture was refluxed for 8 hours and tracked with NMR until the reaction was finished. 
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The reaction mixture was poured into potassium hydroxide solution and extracted with 
dichoromethane. The organic layer was washed with water (×2) and brine (×1) and dried over 
magnesium sulfate. The solvent was removed via rot-vap. And the crude product was purified via 
silica column with hexanes : dichloromethane = 6 : 1 as eluent. Colorless oil was obtained. Yield: 
1.22 g, 2.63 mmol, 52.7%. 1H NMR (400 MHz, CDCl3, δ): 7.47 (d, JHF = 8.80 Hz), 4.66 (d, 2H, J 
= 7.2 Hz), 2.32 (m, 1H), 1.50 - 1.24 (m, 16H), 0.87 (m, 6H); 19F (376 MHz, CDCl3, δ): -109.10; 
13C NMR (126 MHz, CDCl3, δ): 158.66, 156.68, 143.40, 143.35, 140.92, 120.71, 120.46, 110.73, 
110.64, 94.74, 94.53, 61.34, 39.18, 31.84, 31.29, 31.01, 29.61, 28.39, 26.14, 23.02, 22.77, 14.25, 
14.13.  
2-(2-butyloctyl)-5-fluoro-4,7-di(thiophen-2-yl)-2H-benzo[d][1,2,3]triazole (chemical 5) 
Chemical 4 ( 1.76 g, 2.93 mmol) and trimethyl(thiophen-2-yl)stannane ( 1.81 g, 7.34 mmol) was 
added to a 100 mL two-neck round bottom flask and was evacuated and refilled with argon for 
three cycles. 15 mL anhydrous toluene was added. Bis(triphenylphosphine)palladium(II) 
dichloride (102.8 mg 0.147 mmol) was added under argon stream. The mixture was purged with 
argon for 15 min and was refluxed for two days. Then the reaction mixture was poured into 
water and extracted with ethyl acetate. The organic layer was washed with water (×2) and brine 
(×1) and dried over magnesium sulfate. The solvent was removed via rot-vap. And the crude 
product was purified via silica column with hexanes : dichloromethane = 10 : 1 as eluent. Yellow 
oil was obtained. Yield: 0.88 g, 1.87 mmol, 63.9% ; 1H NMR (400 MHz, CDCl3, δ): 8.32 (dd, 
1H, J = 3.8 Hz, 1.1 Hz), 8.12 (dd, 1H, J = 3.7 Hz, 1.1 Hz), 7.53 (d, 1H, J = 12.4 Hz), 7.50 (dd, 
1H, J = 4.8 Hz, 1.4 Hz), 7.43 (dd, 1H, J = 5.1 Hz, 1Hz), 7.23 (ddd, 1H, J = 5.4, 3.9, 1.8 Hz), 7.19 
(dd, 1H, J = 5.1 Hz, 3.7 Hz), 4.74 (d, 2H, J = 6.6 Hz), 2.38 – 2.26 (m, 1H), 1.50 – 1.20 (m, 16H), 
0.86 (m, 6H); 19F (376 MHz, CDCl3),  δ = -112.96; 13C NMR (126 MHz, CDCl3, δ): 157.52, 
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155.55, 142.69, 142.61, 139.08, 138.81, 138.79, 133.38, 133.34, 129.41, 129.37, 128.36, 128.02, 
127.35, 127.20, 127.13, 126.70, 124.37, 124.28, 113.62, 113.38, 109.11, 108.97, 60.18, 39.25, 
32.00, 31.59, 31.34, 29.74, 28.66, 26.39, 23.13, 22.83, 14.28. 
4,7-bis(5-bromothiophen-2-yl)-2-(2-butyloctyl)-5-fluoro-2H-benzo[d][1,2,3]triazole (chemical 
6, diBr-monoFTAZ)  Chemical 5 (0.74 g, 1.57 mmol) was dissolved into THF. Solution of NBS 
( 0.59 g, 3.31 mmol) in THF was added at r.t. The reaction mixture was stirred at r.t. for two days 
. Then reaction mixture was poured into water water and extracted with ethyl acetate. The organic 
layer was washed with water (×2) and brine (×1) and dried over magnesium sulfate. The solvent 
was removed via rot-vap. And the crude product was purified via silica column with hexanes : 
dichloromethane = 3 : 1 as eluent. And the product was further recrystallized in ethanol. Yellow 
crystal was obtained. Yield : 0.77g, 1.23 mmol, 78.0%. 1H NMR (400 MHz, CDCl3, δ): 8.03 (d, 
1H, J = 4.1 Hz), 7.78 (d, 1H, J = 4.0 Hz), 7.40 (d, 1H, J = 13.0 Hz), 7.16 (dd, 1H, J = 4.1, 1.6 Hz), 
7.14 (d, 1H, 4.0 Hz), 4.72 (d, 2H, 6.5 Hz), 2.31 -2.25 (m, 1H), 1.50 – 1.20 (m, 16H), 0.86 (m, 6H); 
19F (376 MHz, CDCl3, δ): -112.68; 13C NMR (126 MHz, CDCl3, δ): 157.39, 155.46, 142.18, 
142.10, 140.00, 138.67, 134.96, 134.91, 131.08, 130.25, 129.69, 129.64, 127.81, 123.59, 123.50, 
115.07, 114.99, 114.60, 112.91, 112.67, 108.68, 108.55, 60.13, 39.29, 32.01, 31.61, 31.37, 29.75, 
28.66, 26.39, 23.15, 22.84, 14.27; MS (ESI) m/z: [M+]  625.02267, Δ = -0.8 ppm. 
Scheme B2 Synthesis of P(BnDT-monoFTAZ) 
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Me3Sn SnMe3 +
N
N
N
R2
F
S
SBr
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Pd2dba3.CHCl3
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Microwave heating
S
S
R1
R1
S
N
N
N
R2
S n
F
ditin-BnDT diBr-monoFTAZ
R1: 3-butylnon; R2: 2-butyloctyl  
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PBnDT-monoFTAZ  Ditin-BnDT (89.8 mg, 0.1020 mmol) and diBr-monoFTAZ (62.7 mg, 
0.1000 mmol), Pd2dba3.CHCl3 (2.0 mg, 0.0020 mmol) and P(o-tol)3 (4.9 mg, 0.016 mmol) was 
added to a microwave reactor vial, degassed and refilled with Argon for three cycles. Anhydrous 
o-xylene (0.65 mL) was added to the vial under Argon stream. The mixture was heated to 200 °C 
in microwave reactor (300 W) for 10 min and held at 200 °C for 10 min. The obtained polymers 
were dissolved in hot chlorobenzene, precipitated into stirring methanol and filter into thimble, 
followed by soxhlet extraction with ethyl acetate, hexanes, THF and chloroform. The polymer 
solution in chloroform was concentrated via rot-vap. The polymers obtained were redissolved in 
hot chlorobenzene, precipitated into stirring methanol and filtrated. The polymers were then dried 
under vacuum at r.t.. Yield: 66.3 mg, 63.9%. 1H NMR (C2D2Cl4, 373 K, δ): 8.3 – 6.9 (7H), 5.0 – 
4.4 (2H), 2.2 – 2.6 (4H), 2.3 (1H), 2.0 – 1.2 (54H), 0.6 – 1.2 (12H). 
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Figure B1 1H, 19F and 13C NMR of 5-fluoro-1H-benzo[d][1,2,3]triazole (chemical 2) 
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Figure B2 1H, 19F and 13C NMR of 2-(2-butyloctyl)-5-fluoro-2H-benzo[d][1,2,3]triazole 
(chemical 3) 
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Figure B3 1H, 19F and 13C NMR of 4,7-dibromo-2-(2-butyloctyl)-5-fluoro-2H-
benzo[d][1,2,3]triazole (chemical 4) 
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Figure B4 1H, 19F and 13C NMR of 2-(2-butyloctyl)-5-fluoro-4,7-di(thiophen-2-yl)-2H-
benzo[d][1,2,3]triazole (chemical 5) 
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Figure B5  1H, 19F and 13C NMR of 4,7-bis(5-bromothiophen-2-yl)-2-(2-butyloctyl)-5-
fluoro-2H-benzo[d][1,2,3]triazole (chemical 6, diBr-monoFTAZ) 
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Figure B6 1H NMR of P(BnDT-monoFTAZ) 
 
 
Table B1 Elemental analysis results of P(BnDT-monoFTAZ) 
Element C H N S F 
Theoretical (%) 72.82 8.67 4.11 12.54 1.86 
Found (%) 72.86 8.67 3.96 12.28 1.81 
 
- 00 . 00 . 51 . 01 . 52 . 02 . 53 . 03 . 54 . 04 . 55 . 05 . 56 . 06 . 57 . 07 . 58 . 08 . 50
f 1 ( ppm )
109 
 
16 18 20 22 24
0.0
0.2
0.4
0.6
0.8
1.0
No
rm
ai
liz
ed
 R
es
po
ns
e
Run time (min)
 HTAZ
 FTAZ
 monoF
 F50
 
 
 
Figure B7. GPC curves of polymers 
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B2. Supporting Information for Chapter 3 
Table B2. Molecular weight, electrochemical, and optical properties of polymers used in Chapter 3. 
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Figure B8. Cyclic Voltammogram of polymers used in this study. HOMO levels were estimated 
by calculating the intersection of the trendlines for the baseline and the peak onset.  
 Mn 
(kg/mol) 
Mw 
(kg/mol) 
Dispersity 
(Đ) 
Band Gap 
(eV) 
HOMO  
(eV) 
monoF 64.4 142.3 2.21 1.94 – 5.57 
FTAZ 47.8 107.2 2.24 2.00 – 5.59 
HTAZ 77.7 396.1 5.09 1.94 – 5.54 
F50 83.7 249.1 2.98 2.01 – 5.58 
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Figure B9. Absorbance spectrum corrected for film thickness. Films were cast from TCB onto 
glass substrates. Bandgap was estimated from the intersection of the trendlines for the baseline 
and the peak onset. 
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Figure B10. Thickness corrected absorbance of the polymer:PC61BM blends with 50% 
fluorination. Films were cast on glass substrates from TCB. 
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Figure B11. External quantum efficiency for each of the 50% F blends 
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Figure B12. External generation efficiency as measured and calculated by TDCF. 
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Figure B13: External quantum efficiency of the photocurrent and the electroluminescence for 
HTAZ:PCBM and FTAZ:PCBM. Gaussian fits to the spectra are shown as red dashed lines and 
the external quantum efficiency of the photocurrent calculated from the emission spectrum is 
shown as gray line. 
 
 
Figure B14. Extracted charge carrier density dependent on the illumination intensity in the 
BACE experiment. Beta denotes the order of recombination that fits the data best (grey dashed 
lines). 
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Figure B15. Extracted Charge Carrier Densities and Effective Mobilities. Left: Carrier density 
measured by BACE dependent on light intensity, and the charge density at open circuit (closed 
circles). Right: The effective extraction mobilities as a function of bias. 
 
 
 
Figure B16. Sulfur maps of thin (~50 nm) films measured using TEM. To improve the signal-to-
noise ratio, electron energy loss spectroscopy scanning transmission electron microscopy (EELS 
STEM) was also employed.  Maps are generated by subtracting the power-law energy 
dependence at the pre-edge energies from the post-edge region. 
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Table B3. Photovoltaic Properties of HTAZ:FTAZ Physical Blends 
 Thickness 
(nm) 
𝑱𝑱𝒔𝒔𝒔𝒔  
(mA cm-2) 
𝑽𝑽𝒐𝒐𝒔𝒔  
(V) 
FF 
(%) 
PCE 
(%) 
µh 
(× 10-3 cm2 V-1 s-1) 
HTAZ 247 ±31 10.37 ±0.37 0.761 ±0.002 49.7 ±0.7 3.93 ±0.18 0.261 ±0.042 
H:F 3:1 262 ±9 11.33 ±0.34 0.762 ±0.004 54.6 ±0.2 4.71 ±0.21 0.669 ±0.112 
H:F 1:1 245 ±33 10.83 ±0.37 0.768 ±0.004 61.4 ±1.9 5.10 ±0.19 0.667 ±0.166 
H:F 1:3 245 ±16 10.77 ±0.37 0.793 ±0.006 66.5 ±1.1 5.68 ±0.23 1.15 ±0.223 
FTAZ 233 ±11 11.46 ±0.40 0.810 ±0.010 72.5 ±1.1 6.73 ±0.31 2.22 ±0.556 
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APPENDIX C: CHAPTER 4 
C1. Synthesis of monoCNTAZ 
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Scheme  C1. Synthesis of m-monoCNTAZ. 
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Figure C1. CV of monoCNTAZ 
 
Table C1. Oxidation and calculated HOMO level of monoCNTAZ 
Polymer Oxidation onset 
(V) 
HOMO level 
(eV) 
monoCNTAZ 0.873 -5.58 
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Table C2. Photovoltaic Properties of monoCNTAZ:FTAZ blends and the comparable 
copolymers 
Polymer Thickness Jsc Voc FF PCE 
monoCNTAZ 202 ±1 13.3 ±0.43 0.935 ±0.001 68.9 ±2.0 8.57 ±0.34 
 302 ±27 14.05 ±0.26 0.922 ±0.001 65.4 ±3.4 8.46 ±0.34 
mC:F 9:1 202 ±1 13.44 ±0.20 0.920 ±0.002 66.8 ±1.4 8.25 ±0.21 
 311 12.98 ±0.58 0.906 ±0.002 60.6 ±1.0 7.68 ±0.31 
co-mC:F 9:1 224 ±32 12.62 ±0.57 0.922 ±0.003 68.1 ±2.1 7.92 ±0.49 
 311 13.85 ±0.17 0.915 ±0.001 58.1 ±0.9 7.36 ±0.19 
mC:F 7:3 213 ±5 13.23 ±0.26 0.883 ±0.003 65.9 ±2.2 7.7 ±0.33 
 324 ±1 13.85 ±0.40 0.882 ±0.001 61.9 ±2.4 7.56 ±0.34 
mC:F 1:1 202 ±15 12.95 ±0.14 0.867 ±0.003 68.2 ±2.4 7.66 ±0.30 
 342 13.58 ±0.10 0.846 ±0.004 65.6 ±0.2 6.89 ±0.04 
co-mC:F 1:1 227 12.37 ±0.32 0.899 ±0.001 66.7 ±2.8 7.42 ±0.37 
mC:F 3:7 218 ±13 12.71 ±0.37 0.850 ±0.003 68.7 ±1.1 7.42 ±0.21 
 292 ±6 12.72 ±0.27 0.840 ±0.002 64.6 ±1.9 6.91 ±0.25 
mC:F 1:9 202 ±46 11.80 ±0.12 0.828 ±0.002 72.1 ±1.3 7.05 ±0.13 
 384 12.75 ±0.07 0.823 ±0.001 65.6 ±0.2 6.89 ±0.04 
co-mC:F 1:9 244 ±20 11.57 ±0.38 0.834 ±0.001 68.5 ±3.0 6.61 ±0.37 
 286 ±42 11.69 ±0.44 0.828 ±0.005 68.5 ±2.8 6.64 ±0.51 
FTAZ 217 ±14 11.76 ±0.31 0.811 ±0.004 70.7 ±1.5 6.74 ±0.26 
 287 ±1 12.55 ±0.41 0.812 ±0.007 65.7 ±1.8 6.70 ±0.25 
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Figure C1. Sample fits for the CT energy for FTAZ and co-mC:F 1:1. 
The fit was generated using Equation C1.102  
Eq. C1.    𝑃𝑃𝐸𝐸𝑃𝑃(𝑃𝑃) ∝ 1
𝐸𝐸√4𝜋𝜋𝜋𝜋𝑘𝑘𝐶𝐶
exp (− (𝐸𝐸𝐶𝐶𝐶𝐶+𝜋𝜋−𝐸𝐸)2
4𝜋𝜋𝑘𝑘𝐶𝐶
) 
 
  
FTAZ:PCBM co-mC:F 1:1 
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